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EDITORIAL 


Old Fronts and New Frontiers 


War on Wear was the title of a lecture given by H. BLok some time ago. This 
theme of ‘‘making war’’ on serious economic losses that are due to excessive wear 
has lately been elaborated by specialists dealing with maintenance problems of 
industry?:3. There are two well-known fronts in this “war’’: Maintenance and 
Production. 

The contribution of Science to better maintenance is essentially of an analytical 
nature, leading to detailed knowledge of the causes of wear in a particular case. The 
main weapon against excessive maintenance costs3, however, has the characteristics 
of operational research. 

Production costs seem to be a better incitement to appliedresearch than maintenan- 
ce. Considerable efforts are made to develop new tools (see Abstracts section of this 
volume) and to find optimum conditions for the use of conventional tools, as is 
shown by the contributions of TRENT (p. 487) and SoLaja (Wear, 2 (1958 /59) 40, 311). 
Another aspect is the renewed attention given to the ultimate mechanical properties 
of such complex solids as coal and rock (see book review, p. 501), which should lead to 
a clearer picture of the tool—workpiece interaction. LANCASTER AND RowE (p. 428) 
give a careful analysis of certain drawing operations which leads them to the con- 
clusion that conditioning of the metal surface is decisive for an efficient use of the 
lubricant. RozEANU AND PREOTESCU propose (p. 456) a mathematical analysis for 
the evaluation of optimum oil viscosity for automobile engines. The results of their 
calculations seem to agree well with field experience in other countries. This paper 
should perhaps be read in conjunction with other studies of the same group (p. 485). 
Obviously an audacious attempt is made to embrace in one mental picture phenomena 
due to elementary processes in the wear of metals and everyday problems of pro- 
duction and maintenance of engines. 

Helpful though it may be, analysis of an existing wear problem usually refers 
to a practical case. New developments —the achievement of what even yesterday was 
‘“¢mpossible’”’ — are stimulated much more by deductions and by predictions based 
on general laws. CRooK (p. 364), in his survey on work done at Aldermaston, has 
shown inter alia how the thickness of the lubricant film in boundary lubrication is 
controlled by the temperature of the surface. ARCHARD now carries the story one 
step further by calculating the “flash temperatures” of such surfaces.* After re- 
ducing mathematical complexities, ARCHARD calculates flash temperatures for 
three typical examples. 


* Since the original paper by H. Box (1937), giving the theoretical analysis, is rather inacces- 
sible an amended republication was intended. However, so much new material has been received 
for publication in Wear that Professor BLox has decided to abandon this plan. 
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For steel rubbing on steel the temperature limit for martensitic transformation 
is reached under certain conditions of speed and load. Surface hardening occurs and 
the predicted reduction in wear rate is confirmed by experiments. LING AND SAIBEL 
(Wear, r (1957/58) 80) calculated the other alternative: catastrophic wear leading to 
galling of titanium and of steel. The same theory was applied, but under quite 
different experimental conditions. Relative changes in the wear rate of metals are 
thus predictable for given conditions of load, speed and temperature if: 

(i) the thermal properties of the metal(s), and 

(ii) the possible phase transitions of the metal(s) are known. 

The second example in ARCHARD’s paper refers to the surface temperature of 
Perspex rubbed by steel, for a series of loads and speeds of rubbing. Transition from 
the hard to the soft, visco-elastic state of Perspex is predicted from these computa- 
tions — and confirmed by experiments — for speeds as low as 10 cm/sec, if only 
the loads are high enough. 

This rather surprising consequence of flash temperatures, due to the low heat 
conductivity of plastics, may give a clue to the causes of complications in some of 
the surface friction experiments reported by BUECHE AND FLOM (p. 168). Some 
time ago SMEKAL4 suggested that the amount of damage to surfaces due to scratching 
with a very fine needle depends on molecular flaws in solids. It will be necessary 
— at least with respect to non-metals — to reconsider this interpretation and take 
the contribution of thermal effects into account. 

The third case dealt with by ARCHARD is that of flash temperatures within an 
oil film. It is shown that a temperature gradient in the film, studied experimentally 
by Crook (p. 387), must exist and that the maximum temperature within the film 
will exceed many times that of the metallicsurface. Animmediate prediction of practical 
consequence is that the limiting temperature of thermal stability of an oil can be 
reached in boundary lubrication, while the machine parts are running apparently 
cool. Thus the old ‘‘front’’ of lubrication and maintenance is transformed into a 
new frontier, that of high transient temperatures. It is realized in industry that 
because of their thermal limitations application of conventional lubricants will 
decrease in the not too distant future. Their successors are already on the horizon: 
lamellar solids. Now that the lubricating action of graphite and MoSz, placed at 
our disposal by Nature, is better understood, the search for ‘man-made’ solid 
lubricants is on. Organic chemists may regain lost ground by creating plate-like 
“two-dimensional’’ condensed ring systems of higher thermal stability than that of 
available greases. Phthalocyanines already give promising results (p. 194). 

At high Mach numbers frictional heating of solids by gases limits the operational 
possibilities of space flight. Calculations on the influence of, for example, sand paper 
roughness on the skin friction of solid surfaces (see Abstracts section) proceed along 
similar lines of thought as in the theory of flash temperatures. This thermal wear, 
an addition to the list of major wear types (Wear, r (1957/58) 120), forms a new 
barrier for the technology and economy of our time, the space age. To overcome 
this barrier, thermal transitions of metals and of (flame-sprayed and reinforced) 
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ceramic coatings have had to be measured and taken into account, much in the same 
way as in the prediction of galling. Deduction was possible starting from existing 
physical principles. However, temporary protection against thermal wear has been 
achieved by a rather revolutionary approach: a gas layer produced from organic 
solids. This is a case of transient gas lubrication, where the elegance of theoretical 
and of laboratory concepts is surpassed only by their technical success. 


G. SALOMON 
Delft, September 1959 


1H. Biox, Proc. Intern. Symposium on Abrasion and Wear, Communication no. 211 of the Rubber- 
Stichting, Delft. Engineering, 173 (1952) 594, 625. 

2 A. F. BREWER, Lubrication Eng., 15 (1959) 104. 

3M. MANDELL, Dun’s Review and Modern Industry, Nov. 1958 (quoted from ref. 2). 
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FILM GEOMETRY EFFECTS IN 
HYDRODYNAMIC GEAR LUBRICATION 


J. F. OSTERLE 


Carnegie Institute of Technology, Pittsburgh, Pa. (U.S.A.) 


SUMMARY 


The involute gear lubrication problem is analyzed with a first order correction made to the 
conventional parabolic arc film thickness equation to account for the actual tooth shape and the 
squeeze action resulting from its time dependence. Both internal and external gears are considered 
for one pressure angle and a range of gear ratios. The film geometry effect is found to be greater 
for internal than for external gears and to decrease as the minimum film thickness decreases. 
Conclusions are drawn concerning the importance of the correction. 


INTRODUCTION 


In the analytical treatments of the hydrodynamic gear lubrication problem 
appearing in the literature since the pioneering work of MARTIN}, it has been custom- 
ary to approximate the geometry of the clearance between mating gear teeth by 
that of the clearance between rotating circular disks. The profiles of the circular 
disks are in turn approximated by parabolic arcs in the vicinity of contact when 
solutions to the equation governing the pressure distribution in the lubricant 
are attempted. Such solutions are readily obtained if viscosity variations, surface 
roughness, and surface deformations are neglected and often serve as the starting 
point for more advanced theories which attempt to take these complicating effects 
into account. 

The author knows of no published investigation of the error inherent in this 
geometrical approximation. This error exists for two reasons. Gear teeth profiles 
are not parabolic arcs (or even circular arcs for that matter) and they change with 
time. This latter effect gives rise to a squeeze action not present in the clearance 
between circular disks and it is known that a squeeze action can have an important 
effect on the film pressure. 

It is the purpose of this paper to present an investigation into the effect of the 
error in the geometrical approximation on the load capacity of the gear teeth. This 
investigation seeks to answer the question as to whether tilm geometry effects are 
important in the gear lubrication problem. Involute spur gears with a pressure 
angle of 20 degrees are considered and various gear ratios including internal gearing. 
The load capacity of the mating teeth is determined when the point of contact is at 
the pitch point. 

The solution presented here is in the nature ofa first correction to the conven- 
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tional parabolic arc theory. An exact solution for the geometry effect would be 
extremely difficult to obtain and it is felt that for the purpose in mind the extra 
labor would not be justifiable. 


NOTATION 
1 pitch circle radius of driver gear 
V2 pitch circle radius of driven gear 
Y pressure angle 
1 angular velocity of driver gear 
we angular velocity of driven gear 
61, 02 angles defining location of point of contact 
é parametric angle in involute equations 
x, 4 cartesian coordinate system through point of contact 
xX dimensionless x-coordinate, eqn. (16) 
film thickness between mating teeth 
ho minimum film thickness 
te dimensionless film thickness, eqn. (17) 
b dimensionless minimum film thickness, eqn. (20) 
b lubricant pressure 
NS dimensionless lubricant pressure, eqn. (18) 
bb lubricant viscosity 
Ui, U2 gear tooth surface velocities 
a gear ratio (small to large) 
B auxiliary dimensionless parameter, eqn. (19) 
w load capacity per unit tooth width 
Ww dimensionless load capacity, eqn. (21) 


THE FILM THICKNESS EQUATION 


In this section an expression will be developed for the film thickness between 
mating involute gear teeth. The gear geometry under investigation is as shown in 
Fig. 1. The pitch circle radius of the driver gear is 71 and that of the driven gear is 72. 
The pressure angle is y and the driver angular velocity is 1. The angles 61 and 42 
define the location of the point of contact between two mating teeth along the line 
of action. Observe that when the point of contact is at the pitch point, both 61 and 
62 are equal to tan 9. 

We will now develop an expression for the profile shape of a tooth on the driver 
gear when its point of contact with the driven gear is at a location along the line of 
action defined by 61. A cartesian coordinate system is oriented as shown in Fig. I, 
with the x-axis tangent to the tooth surface at the point of contact. Recalling the 
definition of an involute as the curve drawn by the end of a string which is kept taut 
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while being unwound from a circle (in this case the base circle) we can readily derive 


the following equations for the tooth shape in terms of the parametric angle e. 


y = 71 COS Y {01 + sin ¢ — (01 + €) cos e} 


*« = 1 cos p {(61 + €) sin e— (I — cos e)} 


ORIVER (1) 


DRIVEN (2) 


Fig. 1. Configuration of mating gear teeth. 


BASE 
CIRCLE 


We must now eliminate e. This can be done explicitly if we realize that only small 
values of ¢ are of interest since the film pressure is significant only very near the point 
of contact. Replacing the trigonometric functions in eqns. (1) and (2) by their 
series expansions and neglecting terms of order ¢2 or smaller compared to unity there 


results. 


+ — 


0; 62 ) 
2 3 


y = 71.CoS o( 
2 

x = 71 Cos o( me + =) 
2 


Solving eqn. (4) for ¢ we obtain 


e=—6+ oe + Ee 
V,COS MP 
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The minus sign can be disregarded for physical reasons. Expanding eqn. (5) to the 
same order of approximation as eqns. (3) and (4) we obtain 


x * 
a= I 
6, 71.c0s 2 012 71 cos w (6) 


Substituting eqn. (6) into eqn. (3) there results 


42 x 
y= I 
2 71 91 cos ( 3 71 912 cos 7 (7) 


The parabolic arc theory uses only the first term of this expression, thus the second 
term can be regarded as a first order correction. 
The film thickness between the mating teeth can now be expressed by 


42 oe 
h=ho 4 (: 
2 71 0, cos p 3.71 912 cos p 
of 


2 x 
rate (at) 
2 2 Og cos p 3 72 922 cos p 


where the contribution of the driven tooth has been derived from eqn. (7) by replacing 
7, with v2 and reversing the sign on x. The reason for this procedure is easily seen by 
reference to Fig. 1. That the film thickness is time-dependent results from the fact 
that the angles 6; and 62 depend on time in accordance with the relations 


d6, 
= W1 
dt (9) 
dO, Vz 
=> — —— M1 (zo) 
dt V2 


We will assume fo to be independent of time. 


THE PRESSURE EQUATION 


In this section the appropriate pressure equation will be introduced and its solution 
presented for the film thickness variation derived above. The pressure equation 
governing this problem is the so-called generalized Reynolds equation (2) which 
allows for a time-dependent film thickness. This equation assumes the form 


d op oh Uy + Us dh 
= (18 =) Ay (—+—— | (ax) 
ox dy. dz 2 oO”, 


where # is the lubricant pressure, yu its viscosity, and Ui and U2 are surface velocities 
of the driver and driven teeth respectively in the x-direction. To the order of approxi- 
mation already employed in this problem it can be shown that at the pitch point 


Ui = U2 = W111 sin P (12) 
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The partial derivatives of h required by eqn. (11) can be obtained from sii ‘@): 
Evaluating them at the pitch point and substituting the resulting expressions into 
eqn. (II) we obtain 


: (is) - — 12 wor o( (5 +a) — (2/4 a) ) (13) 


du\ dx 272 sin? gp tan? p 


where a is written for 71/72. 
In dimensionless form eqns. (8) and (13) can be written 


Hart (r+a) X2(1£%p —a) X) (14) 
ana 
a (x =) = — 24 X {(r + a) — (1 + a8) B2X?} (15) 


respectively, where 


x 


AS (16) 
V or ho sin 
h 
1M ree (17) 
ho 
= : 4 (x8) 
wrsin p 2rsing 
ho ho 
and 
= b 
B tan ~ Vv (19) 
with 
h 
= = (20) 
ysin 


The quantity a is now redefined as the ratio of the smaller pitch circle radius to 
the larger. The smaller gear will be referred to in what follows as the pinion. Note 
that no subscript has been placed on and o in these dimensionless parameters and 
also that there is an alternate sign in the expression for H. This was done intentionally 
so that the reference for these parameters could be either the driver gear (subscript I) 
or the driven gear (subscript 2), the choice to be made as follows. If the pinion is 
driving, then the reference is to the driver gear (w and 7 take on the subscript 1) 
and the plus sign applies in eqn. (14). If the pinion is driven, then the reference 
is to the driven gear (w and ¢ take on the subscript 2) and the minus sign applies in 
eqn. (14). In other words the reference is always to the smaller gear. Because of 
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the alternate sign possibility in the H equation we see that the load capacity of mating 
gear teeth depends on which of the two gears is driving, 

Equations (14) and (15) describe the simple parabolic arc theory when 0 is set 
equal to zero. Thus 0 is a measure of the error inherent in the simple theory due to 
its geometrical approximation. We see that in the simple theory it does not matter 
whether the pinion is driving or driven. 

The boundary conditions on the pressure equation are the usual Reynolds con- 
ditions; namely, that P approaches zero as X approaches infinity and that both P 
and its gradient vanish at the same (negative) value of X. Equation (15) with these 
boundary conditions and H given by eqn. (14) completely describes the pressure 
distribution in the lubricant film between gear teeth. Once P is obtained as a function 
of X by integration of eqn. (15) it must be integrated again over the film extent to 
yield the load capacity. The dimensionless load capacity will be defined by 


w ho 
Wo ——— (21) 
2 wow v2 sin? p 


where w is the dimensional load capacity per unit width of gear tooth. 


SOLUTION 


Owing to the complexity of eqn. (15) the required integrations were performed 
numerically on an IBM-650 digital computer. The Runge-Kutta technique was used 
to determine P and the trapezoidal rule to determine W from P. 

Results were obtained for a pressure angle of 20 degrees, three values of b (0, Io-4, 
and g - 10-4) and a range of values of the gear ratio a. The results are presented for 
the dimensionless maximum pressure (Pmax) In Fig. 2, and for the dimensionless 
load capacity (W) in Fig. 3. A word of explanation is necessary about the abscissa in 
these two figures. The gear ratio a always means the ratio of the small pitch circle 
radius to the large. Values of a between o and r indicate external gearing (as shown in 
Fig. 1), and it can be demonstrated that negative values of a correspond to internal 
gearing. A zero value of a indicates, of course, a rack and pinion. 


DISCUSSION AND CONCLUSIONS 


From the results shown in Fig. 2 and 3 we see that for external gears of the same 
size (2 = 1) the first order correction to the simple theory is zero. If the gears differ 
in size, there is a correction and as the size difference grows the correction grows 
reaching its maximum value for a rack and pinion. For internal gearing the correc- 
tion is greater than for external gearing, increasing as the gears approach each other 
in size. The correction increases the maximum pressure and the load capacity if the 
pinion is driving and decreases them if the pinion is driven. We also see that the 
correction increases in magnitude as the dimensionless minimum film thickness (0) 
increases. Recall that the results of the simple parabolic arc theory are obtained by 
setting b equal to zero. 
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Since b will decrease as the dimensional load increases, we have shown that the 
film geometry correction decreases as the load on the gear teeth increases. This 
behavior is opposite to that of the other effects complicating the gear problem 
(viscosity variation, surface deformation, etc.) which all tend to increase along with 


4 |——PINION DRIVING 
—-—PINION DRIVEN 


-—— PINION DRIVING 
—-— PINION DRIVEN 


“10 “05 O 05 LO OS LO 
oc fogs 
Fig. 2. Maximum pressure versus gear ratio. Fig. 3. Load capacity versus gear ratio. 


the load. It is this condition of high tooth loading which is of current interest and 
since under this circumstance b would most likely be appreciable less than 10-4 
inches we can probably say that as a first approximation in practical gear lubri- 
cation problems the film geometry effect can be neglected in comparison with the 
other complicating effects except possibly for internal gears of nearly the same size. 
It appears that the parabolic arc theory is never really valid since for light loads 


the film geometry effect is significant and for heavy loads the other complicating 
effects become serious. 
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Pik EE RECI,On THE ANISOTROPY OF THE. BASE’ ON 
ROELINGSERICTION* 


J. B. HALAUNBRENNER 


Department of Physics, Cracow Polytechnical College (Poland) 


SUMMARY 


The subject of this paper is the experimental determination of the dependence of the rolling 
resistance on the direction of motion of the cylinder in the case of an anisotropic base of wood 
and NaCl monocrystals. 


Experiment shows that a cylinder rolling on a horizontal plane diminishes its speed 
and comes to rest after some time. This can be described phenomenologically by 
introducing the notion of rolling “‘friction’’, or better still, of rolling resistance, as a 
force directed oppositely to the velocity of the cylinder axis. It has already been shown 
by Coutomp that this resistance T is directly proportional to the force N pressing the 
cylinder to the base, and inversely proportional to the cylinder radius R. 


N 
T=k> 


The proportionality coefficient k, called the coefficient of rolling friction, has the 
- dimension of length; its value depends on the material of both bodies, the state of 
their surfaces, the rolling speed, and, in the case of anisotropic bodies, on the direction 
in which the cylinder is rolling. 

In order to choose the experimental conditions properly it is useful to consider 
which physical phenomena contribute to the loss of kinetic energy of the rolling cylin- 
der. We list below the processes involved. 

1. Compression of the surface asperities and jumps of cylinder over them. 

2. Consolidation (strengthening) of the material of the cylinder and base. 

3. Abrasion and wear of the material. 

4. Cohesion of the cylinder and the base: TOMLINSON! in his molecular theory of 
friction sees as the essence of rolling friction precisely the cohesive forces between 
the cylinder and the base. 

5. Sliding friction; the rolling cylinder, pressed to the base, becomes deformed and 


* Condensed by the author from a paper published (in English) in Acta Physica Polonica, 17 
(1958) 83. 
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deforms the base. The parts of the cylinder in the area of contact are compressed, and 
parts of the base are under tension. As the cylinder rolls the area of contact moves, 
and the parts of the base not lying on the central line and released from Compre 
stress slide over the surface of the cylinder; the parts of the base surface coming under 
the cylinder similarly slide over the surface of the cylinder. REYNOLDS?® and FOpPL® 
ascribed a decisive role in the dissipation of energy to sliding friction and calculated the 
relation between rolling resistance and the coefficient of sliding friction. 


a 
,O 
%p 
Fig. 1. Velocity of the points of the Fig. 2. Diagram of the arrangement for optical 
base in the area of contact with the recording of the vibrations of the cylinder. 
cylinder. 


6. Elastic deformation of the base. Although at first glance it might seem that in 
the case of a perfectly elastic base the work done in compression by the front part of 
the cylinder is given up during the straightening out under the rear side, after con- 
sidering, however, the velocities of the points of the cylinder in the area of contact 
(Fig. 1), we see that the velocity distribution, and therefore the pressure of the rolling 
cylinder on the base, is not symmetrical with respect to OS as in the case of a cylinder 
at rest. The rear part of the cylinder “‘moves away” from the base asthelatterstraight- 
ens out; the front part experiences inertial resistance from the base in addition to 
elastic resistance. This results from the moment of forces hindering the rotation. 
Another factor in the dissipation of energy is the imperfect elasticity of the cylinder 
and the base owing to the internal friction of solid bodies; even in the region of 
proportional deformations a body free from external forces does not give up all the 
work done on it. 
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7. The production of elastic waves in the base. These waves carry away consider- 
able energy. Thus, for example, the vibration of rails is observed at a distance of 
several km in front of and behind a moving train. 

8. In the case of a large stress in the metal a plastic deformation takes place. 

g. Finally, the rolling cylinder loses energy in overcoming the resistance of the 
air and the sound waves produced in it. 

10. In the case of dielectrics, the rolling cylinder loses energy in overcoming the 
different electric polarization of the cylinder and base. 

The percentage of each of these factors in the total resistance depends on the type 
of material, the pressure, the state of the surfaces, and the rolling speed. It seems 
that in the case of metal, at large pressures, the dominating role is played by plastic 
deformation; in the case of rubber, by internal friction. The phenomenon of cohesion 


can occur only with very clean surfaces. 


a a as 
SUSE PREE DOTA et 


yegagepett? 


ad 
aa 


Fig. 5. 


Fig. 3. 
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The case of natural anisotropy was investigated for pine wood and sodium chloride 
crystals. For this purpose the very sensitive method of a vibrating cylinder with a 
lowered centre of gravity and resting on a horizontal base (Fig. 2) was employed. 
The centre of gravity of the cylinder was lowered by placing lead sheets on it eccen- 
trically. A very small totally reflecting prism is located on the cylinder axis. It directs 
a beam of light onto a rotating cylinder covered with photosensitive paper. Lens } 
gives an image of a distant ‘“‘point’’ source on the surface of the cylinder. 
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Fig. 6. 


Fig. 7, 


The cylinder displaced from the equilibrium position executes damped vibrations, 
successive amplitudes of which can be measured on the photogram. As a measure of 
the resistance we take for example the number of periods during which the amplitude 
is reduced to a value times (e.g. 2) smaller than some initial value. This method is 
exceedingly sensitive, too sensitive to be used for investigating the rolling resistance 
in the case of the worked surface. It is seen from the photogram (Fig, 3) how the 
cylinder rolling perpendicularly to the furrows changes its amplitude in jumps and 


rebounds from their sides with a rocking motion of considerably shorter period 
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Figs. 4 and 5 represent photograms of the damping of the vibrations of a polished 
steel cylinder of 11.0 mm diameter loaded with lead disks to a mass of 1.7 kg on a pine 
wood base for the case (Fig. 4) with the axis parallel and (Fig. 5) with the axis per- 
pendicular to the fibres of the wood. The difference in damping attains 50%. 

A second example of directional dependence of rolling resistance in the case of 
natural anisotropy of the base is the rolling on the surface of a monocrystal. A natural 
NaCl monocrystal in the form of a cube with 5 cm edges was used. Since the natural 
faces of the cube have a layer-like structure one of the faces was polished. A 
vibrating steel cylinder of Io mm diameter was placed first parallel to one edge of 
the polished face and then along its diagonal. Since the expected anisotropy could 
be caused primarily by the difference in the elastic coefficients of the crystal in each 
direction the cylinder was loaded on its axis with lead disks to a total vibrating mass 
of 4 kg in order to increase the elastic deformation. Fig. 6 shows the photogram of the 
vibrations of the cylinder with its axis parallel to the crystal edge; Fig. 7, with the 
axis making an angle of 45° with the edge. The effect is marked: in the case of the 
cylinder axis parallel to the crystal edge, the amplitude (double) drops after 30 
vibrations from 33 mm to half the value; in the case where the cylinder axis lay along 
the diagonal — after 50 vibrations. The effect can be reproduced well at different 
places on the crystal and testifies to the great sensitivity of the method. It permits the 
discovery of elastic anisotropy in an optically isotropic crystal. 
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A COMPARISON OF BOUNDARY LUBRICANTS UNDER 
LIGHT AND HEAVY LOADS 


P. R. LANCASTER anp G. W. ROWE 


Tube Investments Research Laboratories, Hinxton Hall, Cambridge (Great Britain) 


SUMMARY 


This paper describes an experimental study of the lubrication of steel bars during slow drawing 
under very heavy loads, (up to ro tons), using dies of high entry-angle to discourage hydrody- 
namic contributions. The results are compared with those obtained using the same materials at 
light loads (1-4 kg). Soap and fatty acids are used to represent good boundary lubricants, while 
silicone oil is used as a standard poor lubricant and as a carrier for surface-active additives. 

When the loads are increased from a few kilograms to a few tons the relative behaviour of the 
lubricants is the same, provided that the surface is not stretched more than a few per cent. 
If the loads are further increased the interfacial pressure (20-30 t.p.s.i.) is not greatly altered but 
the surface extends and the lubricant film breaks down, resulting in metallic pickup on the die. 
This can, however, be avoided by providing a regular pattern of pockets on the surface to trap 
the lubricant. A convenient way of doing this is to grit-blast the surfaces. When a reserve supply 
of lubricant is provided in this way in the vital region between die and specimen the lubrication 
does not break down. Under these conditions the boundary lubricating characteristics are again 
an important factor in the lubrication. The cross-sectional area of the bar may be reduced by up 
to nearly 60% in a single pass using soap as lubricant on a grit-blasted surface without pickup 
occurring. The limit is set not by pickup but by the strength of the drawn bar. 


ZUSAMMENFASSUNG 


EIN VERGLEICH VON GRENZSCHMIERMITTELN UNTER LEICHTER UND SCHWERER BELASTUNG 


Die Schmierung von Stahlstaben beim langsamen Ziehen unter sehr schwerer Belastung 
(bis zu 10 Tonnen) wurde untersucht und zwar wurden Zugformen mit grossen Eintrittswinkel 
gebraucht, um den Anteil der hydrodynamischen Schmierung zuriick zu drangen. Die Ergebnisse 
werden mit denen fiir dieselben Materialien unter niedriger Belastung (1-4 kg) verglichen. Seifen 
und Fettsauren dienen als typische, gute Grenzschmiermittel, wahrend Silikonél als schlechtes 
Schmiermittel und als Trager fiir oberflachenaktive Zufiigungen gebraucht wird. 

Wird die Belastung von einigen Kilo’s auf einige Tonnen erhéht so bleibt das relative Verhalten 
der Schmiermittel dasselbe, wenn die Oberflache nicht mehr als einige Prozente gestreckt wird. 
Bei weiterer Druckerhéhung verandert der Zwischenflachendruck (30-45 kg/mm2)) nicht wesent- 
lich, jedoch wird die Oberflache gedehnt, der Schmiermittelfilm bricht zusammen und die Form 
nimmt Metallteilchen auf. Dies kann jedoch verhindert werden durch fiir eine regelmassige 
Verteilung von Griibchen in der Oberflache, die Schmiermittel festhalten, zu sorgen. Eine bequeme 
Methode um dies zu erreichen ist Sandstrahlen der Oberflache. Wird so ein Schmiermittelvorrat 
in der entscheidenden Grenzzone zwischen Form und Material angelegt, so bleibt der Schmierfilm 
erhalten. Unter diesen Bedingungen werden die Eigenschaften des Grenzschmiermittels wieder 
wesentlich fiir die Schmierung. Mit Seife als Schmiermittel auf einer gesandstrahlten Oberflache 
kann der Durchschnitt des Stabes in einem Arbeitsgang mit beinahe 60% reduziert werden ohne 
das Metallteilchen tibertragen werden. Die Grenze wird nun durch die Zugstarke des Stabes und 
nicht durch die Metalliibertragung bestimmt. 


INTRODUCTION 


There have been many studies of boundary lubrication under light loads (see, 
for example, ref.1), It is generally agreed that fatty acids and soaps form thin surface 
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films which give low friction. However, when the loads are very heavy these lubri- 
cants appear to be ineffective. The films break down and metallic transfer occurs, 
causing severe damage and a marked increase in the friction. 

The present experiments were performed under light loads (1-4 kg), and under 
heavy loads (1-10 T) giving reductions of area up to nearly 60% by drawing a square 
steel bar between two cylindrical dies. 


EXPERIMENTAL 


The bar-drawing apparatus was designed specifically to study the lubrication of 
metals being plastically deformed, and Fig. 1 shows the essential details of the 


Fig. 1. Diagram of the bar-drawing apparatus. The die Dr is fixed to the case of the friction ma- 

chine. D2 is another die housed at the end of a hydraulically operated ram R1. The specimen is 

secured at the left-hand end in the wedge grips of the shackle G, which is free to rotate about the 

axis of pin P. The specimen is drawn under approximately plane-strain conditions, by application 
of a force to the rigid carriage S from the ram R3. : 


working parts. The specimen is symmetrically indented by two dies which can 
have any desired profile, but for these experiments cylindrical dies were used, to 
discourage hydrodynamic effects. A hand-operated jack Rr, can supply forces up 
to 20 tons for indentation. 

The carriage through which the drawing forces are transmitted is a rigid assembly 
consisting of two thick end-plates connected by four 1-in. diam. bars of steel and 
fixed to the longitudinal rams R2, R3, which are actuated by a motor-driven pump so 
that reciprocating movement under pressure is possible. The specimen is held in 
position by jaws in a shackle similar to that of a tensile testing machine. Indentation 
and drawing forces are measured either by the pressure in the hydraulic rams, or by 
strain gauges attached to the die block and shackle. 


Dies 
Cylindrical dies were chosen for these experiments and were made of unplated Vibrac 
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steel which was hardened and tempered to give a hardness of 870 V.P.N. A smooth 
surface was obtained by hand grinding with carborundum papers to 4/0 (5 /4) grade 
before each drawing experiment. The dies were finally rinsed in ethyl alcohol im- 
mediately before use. 


Specimens 
Mild steel specimens of square section ($ x 4 in.) were used. The analysis of the 
material, which was specially produced for these experiments, is: 
C — 0.144 Si — 0.064 S — 0.037 P — 0.043 
Mn — 0.520 Ni — 0.140 Cu — 0.220 Sn — 0.042 
The steel was refined for 2 hours 5 minutes, in a basic open hearth furnace, and 
tapped at 1590°C. 3 in. square billets were taken from the middle of the ingot and 
rolled into 22 x 4 in. flats in a Io in. bar mill. These were then cut to size. All the 
specimens were annealed at 850°C, which produced an initial hardness of 110 V.P.N. 
Before lubricating each specimen, a standard surface finish was produced by hand 
grinding under a flood of water with silicon carbide papers to grade 600 (15 y grit). 
They were given a final rinse in distilled water and dried in a stream of warm air. 
Hand contact was avoided during the final stages of grinding. This method produces 
grease-free surfaces but adsorbed films of air and water are not removed. 


RESULTS 
Light-load experiments 
Numerous results have been obtained elsewhere with light-load apparatus}. 
For detailed comparison with the heavy-load drawing, however, some experiments 
were performed using the same annealed mild steel stock and a hard Vibrac slider. 


The loads ranged from 1-4 kg and various boundary lubricants were applied. The 
results are shown in Table I. 


TABLE I 
LIGHT-LOAD EXPERIMENTS (1-4 kg) VIBRAC ON MILD STEEL AND ON STAINLESS STEEL 
Lubricant “ 
A. Mild steel 

Vacuum-cleaned steel approx. 0.80 (at 2 kg) 
Grease-free steel 0.2 — 0.25 
Commercial soap 0.06 
Sodium stearate 0.06 
Paraffin oil 0.18 

Oleic 5% in paraffin 0.12 
Stearic 5°% in paraffin O.1I 
Lauric 5% in paraffin O.13 

Oleic acid 0.10 
Stearic acid 0.09 
Lauric acid 0.06 


Silicone oil (100,000 cs) approx. 0.5 (at 2 kg) 


B, Stainless steel 


Grease-free approx. 0.45 (at 2 kg) 
Sodium stearate 0.08 
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It will be seen that the fatty acids and soaps give good lubrication. It is not, 
however, possible to discriminate well between small additions of boundary lubricants 
to paraffin oil, since the paraffin itself shows a fairly low friction. However, it is 
known that silicone oil is a very poor lubricant, and so might be a more suitable 
carrier to allow the properties of the additives to show clearly. Some experiments 
with 100 cs silicone fluid showed that the friction rose steeply with load. 

Typical values are:- 


Load (kg): 0.5 1.0 1.5 2.0 
Friction 

force (kg): 0.44 0.32 0.70 1.14 
Friction _ 

Ss Ieoace 0.22 0.32 0.47 0.57 


It was nevertheless found that the addition of 10% oleic acid to the silicone fluid 
gave a constant coefficient of friction ~ = 0.12, which is about the same value 
as was recorded for the mixture of oleic acid in paraffin, or indeed for the oleic acid 
alone. 


Drawing experiments using boundary lubricants under heavy loads 

The bar specimens were prepared in exactly the same way as the light-load speci- 
mens, by abrading on successive grades of emery under a flow of water, finishing 
with 600 grit (15 4) emery paper. A wide variety of lubricants was used. Results 
are given for typical good and bad lubricants in Table II. 


TABLE II 


LUBRICATION OF SMOOTH MILD STEEL SURFACES UNDER HEAVY LOADS (1-5 tons) 


Reduction Die load beet ut Remake 
of area (tons) (tons) 
Grease-free steel — 2.5 6.75 0.99 Broke 
Soap (sodium 25 2.25 0.65 0.09 Good surface 
stearate) 9 3.75 1.52 O.11 Good surface 
18.7 4.75 2.39 0.12 Some pickup 
Bin 5.5 5-44 0.31 Bad pickup 
Oleic acid I 1.5 0.54 0.18 Smooth 
5.6 2.75 DL, 0.31 Pickup 
15.2 3.75 4.35 0.43 Bad pickup 
i : 4 ) h 
Caproic acid I 1.5 0.05 0.22 Smoot 
/ 5.4 2:75 2.28 0.44 Pickup 
6.2 3.0 2.5 0.45 Pickup 
ili i . .78 0.58 Very bad 
Silicone oil TO 3.5 APT MoIeaaaretenes 
Sili e Pp 3.0 Daley 0.37 Scoring 
otic. see 18.0 4.0 4.13 0.36 Bad pickup and 


scoring 
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The generalised coefficient of friction * is calculated by subtracting the frictionless 
drawing forces calculated on the basis of the GREEN AND HILL theory? from the 
actual force measured, and dividing this quantity by the die load. Several assump- 
tions are involved, particularly that the drawing is performed under plane strain 
conditions, and a mean die angle is used for the circular dies. The result obtained is 
therefore valuable only for comparison of lubricants under similar conditions, and 
should not be compared numerically with the “‘true’’ coefficient of friction. 

At the higher reductions the lubrication broke down and metallic transfer occurred. 
This seriously increased the friction and damaged the surfaces, as may be seen from 
Fig. 2. Drawing became practically impossible when the reduction of area exceeded 
about 30%. Eventually the drawn bar broke. 


Fig. as Mild steel bars, finished by hand grinding, drawn between circular profile dies using oleic 
acid as lubricant. The pickup becomes progressively worse as the reduction is increased. (a) 1% 
reduction of area (b) 5.6% reduction of area (c) 15.2% reduction of area. 


Fig. 3. (a) A bar drawn with silicone fluid shows severe cracking and pickup (12% reduction of 
area). (b) When 10% oleic acid is added to the silicone fluid the damage is much less severe 
(7.2 and 18% reduction of area). 


Although at light loads a grease-free specimen shows only a moderate friction 


(u = 0.25), in the drawing experiments a grease-free bar broke immediately, although 
only 20% reduction was attempted. 


When silicone oil is used, although the viscosity may be very high (100,000 cs) 
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the lubrication is extremely bad. Even with only 10% reduction of area, the pickup 
is severe and both die and bar are seriously damaged (see Fig. 3). When 10% oleic 
acid is added the surface is greatly improved though scoring still occurs. 

Thus it appears that the boundary-lubricating properties are important in deter- 
mining the extent to which the bars may be drawn. Even with the best boundary 
lubricants, however, the draws are limited by pickup to a few percent. 

The steel bars are work-hardened by drawing and the interfacial pressure is greater 
the heavier the reduction of area. However, this effect is much smaller than propor- 
tional increase in surface area. The yield stress, which determines the interfacial pres- 
sure, is not greatly altered (Table III). This suggests that the increase in pressure 
is not the major factor causing the breakdown of the lubricant. 


TABLE 111 


MEAN YIELD STRESS OF MILD STEEL BARS DRAWN WITH 
DIFFERENT REDUCTIONS OF AREA 


Mean yield 


Load Reduction Sie 

— fe) 16.0 t.p.s.1. 
3-75 9 21.0 

4-75 19 24.6 

555 31 29.0 

BO) 39 33-5 


Drawing experiments with trapped lubricants 

The limitation in reduction of area imposed by pickup suggests that insufficient 
lubricant is present in the die-specimen interface. If a greater supply of lubricant 
can be ensured in this region, it may be possible to lubricate the whole of the increased 
surface adequately. 

One means of ensuring this is to arrange for hydrodynamic lubrication, which 
relies on a low entry-angle of the die and a high drawing speed to force viscous 
lubricant into the die. When hydrodynamic conditions obtain, the boundary lubri- 
cating properties are of minor importance, since a thick continuous film is present 
between die and specimen. To examine boundary lubrication therefore we need to 
keep the speed low and the entry-angle large, as in the apparatus described in 
the EXPERIMENTAL section. 

It is, however, possible to provide a local supply of lubricant to the stretching 
interface, independently of hydrodynamic behaviour, by trapping the lubricant in 
pockets on the surface. 

Fig. 4 shows that if pockets are made in the surface, soap can easily be trapped. 
It is then highly compressed by the heavy forces acting on the bar (up to 30 t.p.s.i. 
for mild steel and 50-60 t.p.s.i. for stainless steel). The pocket is reduced in depth and 
elongated in the drawing direction and soap is forced out of the trailing end. Consid- 
erable quantities of soap are thus forced along the bar in the direction of oncoming 


References p. 437 


434 P. R. LANCASTER, G. W. ROWE VOL. 2 (1958/59) 
J 


metal. In this way each pocket can lubricate a considerable distance, at — ten 
times its own diameter (Fig. 5). In the immediate vicinity of the pocket the thickness 
of lubricant is sufficient to allow the metal surface to deform freely. This can be 


seen from the plastic roughening of the polycrystalline metal. 


os 


“8 “eek Rt 2 Qs * ; * f - & s oe Sie : = #. we ‘ we . 2 
Ses = PO ; Keene : 


Fig. 4. When a spherical indentation is filled with sodium stearate, the lubricant is continuously 
fed out to protect the oncoming surface. The quantity of lubricant is sufficient to allow plastic 
roughening of the surface, for a considerable distance after the pocket. (x 40) 


Fig. 5. A series of spherical indentations in line provides considerable protection of a soap- 
lubricated surface. In the line of the pockets there is complete absence of pickup but on either 
side of the line of pockets the smooth surface has been badly damaged. 


The behaviour of these large isolated pockets can be reproduced on a small scale, 
and the lubrication can be greatly improved if the surfaces are covered with small 
pockets. Grit-blasting affords a convenient method of producing a uniform surface 
of this type. 

It is found that with a good lubricant such as soap, grit-blasted stainless steel 
will draw to 57% reduction of area between hard steel dies without pickup. A similar 
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specimen smoothed on 15 yw grit emery paper will pick up onto the die if reductions 
greater than 15% are attempted with the same soap. If the surface is highly polished 
pickup will occur with even lighter reductions. Once pickup starts it becomes rapidly 
worse and the friction increases (Table IV). 


TABLE IV 


LIMITING REDUCTIONS OF CROSS-SECTIONAL AREA OBTAINABLE WITH SOAP LUBRICATION 


Maximum reduction of area 


Surface condition — — Limitations 
Stainless steel Mild steel 
Grit-blasted 58% 560% Tensile fracture without 
pickup 
Abraded on 600 emery IgE 19% Pickup and high friction 
Polished ae Tea Pickup and high friction 


As the drawing speed is reduced the results remain sensibly unchanged, as would 


be expected if the boundary properties predominate. 
Some bars drawn with a viscous silicone oil show that the addition of small quanti- 
ties of a boundary-active material is essential for good lubrication. 


DABLE V 


SILICONE FLUID WITH ADDITIVES, APPLIED TO GRIT-BLASTED MILD STEEL SURFACES 


Lubricant Reduction Die load Drawing fore pt Comments 
Silicone oil POY 3.5 6.75 0.74 Heavy pickup, bad 
cracking 
Silicone oil + 10% SG 3 1.52 0.15 Smooth 
oleic Ze 5 3.26 0.15 Smooth 
Silicone oil + 10% 8% 3 1.52 0.15 Smooth : 
tri-cresyl phosphate 25% 5 3.04 0.19 Scored (no pickup) 


Fig. 6. By grit blasting, a uniform series of pockets can be made on the surface. When this is 


done the material can be drawn without pickup but the boundary properties of the lubricant are 
significant. (a) Poor boundary lubricant-silicone fluid (22% reduction). (b) 10% Oleic acid in 


silicone fluid (8.3% reduction, 27% reduction). (c) 10% Tricresyl phosphate in silicone fluid 


(8% reduction, 25% reduction). 
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Fig. 6 shows that with the silicone oil alone the surface is very badly damaged 
but is quite smooth when the additives are present. 


DISCUSSION 

The preliminary light-load (1-4 kg) experiments show results in good conformity 
with previously published work'. Soap is the best of the lubricants used. The effec- 
tiveness of boundary-additives can be seen when these are mixed with paraffin oil, 
but since the friction with paraffin oil alone is moderately low, this can be more 
strikingly seen with additives in a silicone oil. 

Drawing under heavy loads (1-4 tons) shows that the relative merits of the bound- 
ary lubricants are not greatly altered, provided that the surfaces are not too much 
stretched. If, however, the reduction of cross-sectional area in the draw is too great, 
the lubricants break down on smooth bars prepared by grinding with 15 yw grit. 
This usually occurs by about 10% reduction of area, depending on the lubricant, 
but even the best lubricants allow pickup to occur at reductions in region of 20%. 
Heavier reductions seriously increase the extent of the damage to specimen and 
die although the yield stress, which determined the interfacial pressure, is not 
greatly increased. 

If a reserve of lubricant, sufficient to cover the fresh extended surface, can be 
provided in the drawing zone this pickup can be avoided. The experiments show 
that small pockets on the surface can trap lubricant. This is then compressed and 
fed out under high pressure to the oncoming metal. Grit blasting has proved a very 
convenient method for producing pockets of this type. Heavy reductions of area, 
over 55%, for both mild and stainless steel, can then be taken with a good boundary 
lubricant without pickup occurring. The limit is then imposed by the strength of 
the drawn section. If heavier draws are attempted the specimen breaks, still without 
pickup. 

To be effective on a grit-blasted surface the lubricant must have good boundary 
properties. Thus silicone oil, which is shown to be a very poor boundary lubricant, 
is also very poor when applied to grit-blasted surfaces for drawing. The addition of a 
few percent of a surface-active material greatly improves the lubrication of a silicone 
oil although the viscosity is at the same time reduced. Any hydrodynamic contri- 
bution will consequently be less for the oil with the additive. 

Thus we conclude that there is a close correlation between light and heavy load 
behaviour provided the lubricant is compelled to enter the vital region. It has often 
been suggested that boundary lubricants are inadequate under severe drawing 
conditions (see, forexample, ref.4). The present results suggest that this is not primarily 
due to the heavy pressures involved. It is generally accepted that high local pressures 
of the order of the yield stress will be developed in light-load experiments, and the 
average pressures in the heavy-load experiments reported in Table II are also about 
20 t.p.s.i. Because the surfaces are not severely extended in either of these types of 
experiment the boundary lubricants are able to function satisfactorily. If, however, 
the surfaces are extended more than a few percent, the lubrication breaks down 
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although the average pressure is increased only to about 25 t.p.s.i. On the other hand 
if sufficient lubricant is present to cover the new surface adequately, the relative 
performance of the boundary lubricants is again observed. Using grit-blasted surfaces, 
good lubrication can be obtained for drawing up to nearly 60% reduction of area 
without the help of hydrodynamic conditions. 
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SUMMARY 


A simple formulation of ‘‘flash temperature’’ theory is given. This treatment reduces the mathe- 
matical complexities and instead emphasises the relevant physical considerations. Simple graphical 
methods for deducing these temperatures are described. The use of the theory is illustrated by its 
application to some new experimental results on the breakdown of Perspex and the wear of steels. 
The extension of the theory to include the influence of surface (e.g. oxide) and lubricant films is 
outlined. The temperature in elasto-hydrodynamic films is considered ; it is shown that the temper- 
ature difference which exists within such a film can be easily the largest transient temperature in 
the contact zone and may be several times greater than the surface flash temperature. 


ZUSAM MEN FASS UNG 
DIE TEMPERATUR GLEITENDER OBERFLACHEN 


Eine einfache Formulierung des Begriffes der Aufblitztemperatur wird gegeben. Die Behand- 
lungsmethode reduziert die mathematischen Schwierigkeiten und legt den Schwerpunkt auf die 
wesentlichen physikalischen Betrachtungen. Einfache graphische Methoden fiir die Ableitung 
dieser Temperaturen werden beschrieben. Anwendungsbeispiele der Theorie werden an Hand 
einiger neuer experimenteller Resultate (Fressen von Perspex-Oberflachen durch Heisslaufen, 
Stahlverschleiss) erlautert. Die Erweiterung der Theorie auf Oberflachenhaute (z.B. Oxyde) und 
Schmierfilme wird kurz umrissen. Die Temperatur in elastohydrodynamischen Filmen wird unter- 
sucht; es zeigt sich, dass die in einem derartigen Film vorhandene Temperaturdifferenz leicht die 
héchste Ubergangstemperatur in der Kontaktzone sein kann; sie kann die Aufblitztemperatur 
der Oberflache um ein Mehrfaches iibersteigen. 


I. INTRODUCTION 


Nearly all the energy dissipated by friction appears as heat and, at all but the 
slowest speeds of sliding, the temperature within the rubbing bodies is raised appreci- 
ably. The highest temperatures, which occur close to the areas of true contact at 
which the energy is dissipated, are of short duration and are sometimes called the 
flash temperatures. 

These temperatures can obviously exercise a considerable influence on friction and 
wear and an estimate of their magnitude is often required. For example, it may be 
necessary to consider whether the surface temperature is consistent with the existence 
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of certain oxides, with the production of phase changes in metals, or with surface 
melting. Because of their short duration and because they occur only over small 
regions, direct measurements of flash temperatures are difficult and a theoretical 
estimate is usually sought. A fairly complete theoretical analysis of the problem is 
available in the work of BLoK! and JAEGER?. 

The experimentalist requires a statement of this theory which omits its mathema- 
tical complexities and instead emphasises the physical considerations upon which the 
calculations are based. No complete treatment of this kind exists and Section 2 of the 
present paper attempts to meet the need. Simple graphical methods which can be used 
to determine the maximum possible flash temperature are then described. In Section 3 
the use of the theory is illustrated by its application to some new experimental results 
on the breakdown of Perspex and the wear of steels. Finally in Section 4 it is shown that 
existing flash temperature theory is inadequate when applied to the condition of 
elasto-hydrodynamic lubrication ; the temperature differences which then exist within 
the oil film may considerably exceed the rise in temperature of the surfaces. 


2. THEORY 
Nomenclature : — 
A area of contact 
OA individual areas in sub-divided contact (Fig. 1b) 
a radius of circular area of contact A 
c specific heat 
Ef Young’s modulus 
g acceleration due to gravity 
h film thickness (Fig. 7) 
i mechanical equivalent of heat 
K thermal conductivity 
L = Val2x dimensionless parameter 
N constant of proportionality (eqns. 9 and 14) 
Pm flow or yield pressure 
Q rate of heat supply from area A 
g = Q{A rate of heat supply per unit area 
qv rate of heat supply per unit volume (Section 4) 
R undeformed radius of curvature of protuberance (Fig. T) 
t duration of heat supply 
V velocity of heat source or speed of sliding 
Ww normal load 
6 rise in temperature above ambient value 
Om mean rise in temperature over contact area 
O max maximum rise in temperature within contact area 
% = Kjoc thermal diffusivity 
lu coefficient of friction 
0 density 
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Subscripts B and C refer to bodies B and C (Fig. 1) and subscript r refers to the oil 
(Fig. 7). 


2.1. General 

The temperatures are calculated on the assumption that the heat is generated at 
the area of true contact (i.e. a single area of contact is regarded as a plane source of 
heat) and that this heat is conducted away into the bulk of the rubbing cegltes 
The theory firstly requires the solution of the equations for the flow of heat into each 
body. The derived surface temperatures are expressed in terms of the rate of supply 
of heat, the size and speed of the heat source, and the thermal properties of the ma- 
terial. Secondly, the proportion of the total heat flowing into each body is then deter- 
mined by the criterion that the equations of heat flow for both bodies shall give the 
same average temperature over the contact area. 


ie) 


i 
Mee 


S 


(b) 


Fig. 1. The model. (a) Single contact area. (b) Contact area sub-divided. 


The model of Fig. 1 will be used in this paper. A protuberance on the surface of body 
B forms a circular area of contact A = a2, which moves with a velocity V over the 
flat surface of body C. Body B therefore receives heat from a stationary heat source 
and body C from a moving heat source. The model of Fig. 1 is convenient for the pre- 
sent discussion but is not always applicable ; in some examples (notably in the engage- 
ment of gear teeth) the area of contact moves over both surfaces. In such cases the 
theory for a moving heat source must be applied to both bodies. 


2.2. The heat flow equations 


Let Qz be the quantity of heat supplied per second to body B and Qc be the quan- 
tity of heat supplied per second to body C (Fig. 1). Ke and Ke are the thermal 
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conductivities, cz and cc the specific heats and ox and gc the densities of the two 
bodies. The thermal diffusivities xz and xc are given by x = K/oc. 0m is the mean 
temperature of the contact area, taking the temperature of a point far removed from 
the contact as zero. 

(a) Stationary heat source. For body B the heat is supplied to a fixed area and steady 
state conditions exist. The heat flow can be considered as a flow of thermal current 
through a thermal resistance and by comparison with the corresponding electrical 
problem}: it is easy to show that 


Qs 
On = FESa (1) 


(b) Slow moving heat source. Similar considerations will apply to body C when V is 
small; i.e. when V is so small that at each position of the contact there is ample time 
for the temperature distribution of a stationary contact to be established in body C. 
One then has, by analogy with eqn. (1) 


On = — (2) 


(c) The speed criterion. At higher speeds eqn. (2) will not apply because there is 
insufficient time for the temperature distribution of a stationary contact to be es- 
tablished in body C. The speed at which this occurs is related by JAEGER? to the 
dimensionless parameter* 


L = Vala (3) 


To a reasonable approximation, eqn. (2) applies for L < 0.1, and for L > 5 the high 
speed eqn. (8) below, is applicable. In Howm’s‘ analysis faster moving contacts are 
regarded as being analogous to stationary contacts to which a source of heat is sud- 


denly applied. 

An alternative interpretation of eqn. (3) can be given in terms of the heat penetra- 
tion into the bulk of the material. Consider the instantaneous generation of heat at 
the surface of C at a time ¢ = 0. At a depth Z below the surface the maximum effect 
of this heat generation occurs after a time T where® 


t = Z7/2n, 


and when Z = a (the radius of the contact area), 


T= T1 = a7/2H: (4) 


The time t2 for the contact to move a distance @ is 


™% =alV, (5) 


* JAEGER’s analysis is for a square source instead of the circular source used here. The essential 
argument is not, however, affected. 


References p. 455 


442 J. F. ARCHARD VOL. 2 (1958/59) 


and therefore eqn. (3) may be rewritten as 
UG" Tt 03 (6) 


Thus, for large values of L the time taken for the heat to penetrate to a depth a 
(equal to the radius of the contact) is large compared with the time for which the heat 
source is applied. 

(d) Fast moving heat source. The last paragraph shows that at high speeds (L > 5) 
the depth to which heat penetrates into body C during the time of contact is small 
compared with the dimensions of the contact. Therefore the sideways flow of heat 
can be neglected! and the problem can be treated as one of linear heat flow. In these 
conditions if heat is supplied at a constant rate* to the plane surface of a semi-infinite 
solid, the temperature 9 of a point on the surface is® 

2qtt 

0 = aK oor’ (7) 
where q is the rate of supply of heat per unit area and ¢ is the time for which it has 
been supplied. This equation can be applied to a fast moving contact by putting 
q = Qc/na2 and by considering the effective value of ¢ for any point within the contact. 
The temperature distribution over the area of a fast moving contact which has been 
deduced by JAEGER? is thus given a simple physical explanation. Equation (7) shows 
that the surface temperature is proportional to /2; therefore in a square contact it is 
proportional to the square root of the distance from the leading edge of the contact. 
Using eqn. (7) and taking the average temperature, 9m, over the circular area A of 


Fig. I(a) one obtains 
iy ; Xo \3 
Om = —C— (—_) = 23 Ee (=e) (8) 
3.25 Kca \ 2L Kca Va 


which, apart from a small change in the constant of proportionality, is identical with 
the equation given by JAEGER for a square source. 


The results of the above theory are conveniently summarized in Fig. 2. The average 
temperature 9m over the contact area is a function of the dimensionless parameter 
L = Va/2x. Then for a stationary heat source (graph A, Fig. 2) or for very low speeds 
[Lome Ly, 


On = 0.5 NL (9a) 


where N =ag/ocV, q being the rate of heat supply per unit area. At higher speeds 
the temperature for a moving heat source (curve B, Fig. 2) falls below that given by 
eqn. (ga) and for moderately low speeds (0.1 < L < 5) 


Om = 0.5 a NL, (9b) 


where a is a function of L which can be obtained trom Fig. 7 of JAEGER’s? paper or 


* Other types of heat supply distribution discussed by BLok! and by JAEGER? can be treated 
in a similar manner. 
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from the calculations of Horm‘. a ranges from about 0.85 at L = 0.1 to about 0.35 at 
L =5. At still higher speeds (L > 5) eqn. (8) applies and 


(iz = 0.435 NL*t (9c) 


From eqns. (ga, b, c,) a smooth curve of 6m/N as a function of L can be constructed 
(curve B, Fig. 2). 


10 


2 1 Ll n 1 n =A) 
fO-2 107 1 , 10 107 103 oY 


Fig. 2. Average temperature as a function of the dimensionless parameter L. A. Stationary heat 
source. B. Moving heat source. 


To apply the results of Fig. 2 to a practical example the proportion of the total heat 
supplied to each of the two bodies must be taken into account. The author has found 
the following method convenient. First the flash temperature for each body is cal- 
culated on the assumption that all the heat is supplied to it. For example, for the 
model of Fig. 1 the temperature 0» for body B is obtained from the stationary heat 
source theory (Fig. 2A) using a value Lz appropriate to the body B. The temperature 
0c for body C is obtained from the moving heat source theory (Fig. 2B) using a value 
Lc appropriate to the body C. Then the true temperature 6m, taking into account the 
division of heat between B and C, is given by 


=—— +— (x0) 


2.3. Contacts whose size is determined by the applied load 

Consider, for the sake of simplicity, the model of Fig. 1 with both bodies of the same 
material. The area of contact (4 =a?) can be formed under a load by plastic or 
elastic deformation. If the deformation is plastic, 


a eal (x1) 


Pm 
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where # m is the flow pressure or hardness of the material. If the deformation is elastic, 


oe (ee (12) 


where R is the undeformed radius of curvature of the protuberances on body B 
(assumed spherical) and £ is Young’s modulus of the material. 

The total rate of heat supply Q is wWgV/J, where w is the coefficient of friction and 
J is the mechanical equivalent of heat. At slow speeds (L < 0.1) the heat supply is 
divided equally between both bodies and Q4 = Qz = 4Q. At high speeds (L > 100) 
practically all the heat is supplied to C (see eqn. (14d) below) and to a reasonable 
approximation Qc = Q. Therefore at high and low speeds relatively simple formulae 
are obtained by combining eqns. (11) and (12) with eqns. (2) and (8) as follows: 

With plastic deformation at low speeds (L < 0.1) 


(tPm)* 
8K 


ug 
Om =— == wt iN (13a) 
of 


With plastic deformation at high speeds (L > 100) 


Om ee : wiv (13b) 


With elastic deformation at low speeds (L < 0.1) 


on =e ut. (2) way 
eT ee Fe (5) (730) 


With elastic deformation at high speeds (L > 100) 


e (= 


Om Ss 
KocR 


$ 
Flies ) Wt vt (13d) 


Equations (13a-d) show how, under different experimental conditions, the average 
temperature at the contact area will vary in different ways with the load and the 
speed. 


2.4. The maximum attainable flash temperature 


In the interpretation of experiments the usual requirement is to know the maximum 
flash temperature which can be attained under the given experimental conditions. This 
occurs when the maximum possible load is concentrated at the smallest possible area, 
i.e. when the total applied load is borne by plastic deformation at a single area. Thus, 
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consider the model of Fig. 1 with both bodies of the same material. The maximum 
flash temperature is obtained from eqns. (9) putting 


N 


Ug pm a Wiv 
1 we 2%(2p m)* 


Then, at low speeds (L < 0.1) the heat supply is divided equally between B and C 
and 


Om = 0.25 NL (14a) 


At moderately low speeds (0.1 < L < 5) eqn. (gb) applies, less than half the heat 
is supplied to body B, and 


Fp SS O25) fa) INUE, (14b) 


where f ranges from a value of about 0.95 at L = 0.1 to about 0.5 at L = 5. At high 
speeds (L < 100) practically all the heat is applied to C and from eqn. (9c) 


Om = 0.345 NL* (14¢) 


At somewhat lower speeds a proportion of the heat (appreciably less than unity) is 
supplied to C and 6m falls below the value given by eqn. (4c). Thus at moderately 
high speeds (5 < L < 100) 


Om = 0.435 py NL* (14d) 
10° S 
eS 
10° eae | J 1 
Ory a Bie a7 - 
(°C) “ = 
cn 5 | 
v1 ! 
% 
L i} 
10? L 
gs 
= 1 
102+ 
10% 
10 ~ —! , 2 1 TOMEI GIO2 as BIO nee 
i a ies a ion. afi Sliding speed (cm/s) 
Fig. 3. Maximum attainable flash temperatures for Fig. 4. Wear rates of 0.52%C steel 
sliding contacts of steel. A: V.P.N., 150. B: VEEN as a function of speed. A: Load, 
250. ©: V.P:N., 850. 10 kg. B: Load, 1 kg. 


where using eqn. (10) it can be shown that y = 1/ [xr + 0.87L -3]. y ranges from a value 
of 0.72 at L = 5 to 0.92 at L = 100. 

Fig. 3 shows the application of these results to the important example of steel 
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rubbing on steel. 6 m/w is plotted as a function of W2V. The position of the curve de- 
pends upon the hardness of the softer of the two rubbing members and the curves 
drawn are for steels of V.P.N. 150, 250 and 850. In deriving these curves the assumed 
values of 9, C and K are those of plain carbon steels; for high alloy steels account 
should be taken of their different thermal properties. 


2.5. The effect of surface films 

The influence of surface films may be of considerable importance. The most common 
example is that of a protective layer such as an oxide of low thermal conductivity. 
JAEGER? points out that such a film will raise the surface temperature and that to 
have any marked influence it must be thick compared with molecular dimensions. 
A complete analysis for film-covered surfaces would be quite complicated and it is 
sufficient here to indicate a few important conclusions. 

A surface film of low thermal conductivity on the surfaces of the model of Fig. 1 
will be considered. It will be assumed that the film thickness is small compared with 
the dimensions of the contact and that, apart from changes in thermal conduction, 
the experimental conditions (e.g. the coefficient of friction) are unchanged. 

At low speeds of sliding it is convenient to use the electrical analogy. The thermal 
resistance of the contact now consists of the constriction resistance in the metal 
contact together with the film resistance in series with it. The heat supply (current), 
which is unaffected by the presence of the film, flows through these resistances and 
the temperature difference across any portion of the body is equivalent to the electrical 
voltage (IR) drop. Therefore, at low speeds of sliding the surface temperature is 
increased but the temperature drop across the constriction resistance, 7.e. the sub- 
strate temperature, is unaffected by the presence of the film. 

At high speeds of sliding the influence of the film is determined by its thickness 
compared with the depth of penetration of the heat (see paragraphs (c) and (d) in 
Section 2.2). For most practical speeds and values of the film thickness nearly all the 
heat penetrates to the substrate and its temperature is almost the same as that ob- 
tained without a film. Thus the effect of the film will be to raise the surface temperature 
and to lower or leave unaffected the temperature of the substrate. The substrate 
temperature cannot be increased by the presence of the film. 


2.6. The sub-division of the contact region 


In practice, a contact of the type shown in Fig. 1 may not be a continuous contact 
area A (Fig. ta) but may instead be sub-divided into a number of smaller contact 
areas each 6A (Fig. 1b). The temperature calculations can be applied to deduce the 
temperature distribution for the general contact region A or for the individual contact 
areas 0A. It is important to consider the relative importance of the temperatures 
deduced in these two ways.. 

Consider the contact areas 6A of Fig. rb as being fairly closely packed. At slow 
speeds of sliding the thermal resistance consists of the constriction resistance of the 
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whole region A in series with the sum (in parallel) of the constriction resistances of 
the areas 6A. In the corresponding electrical example it has been shown experimen- 
tally and theoretically’ that the aggregate resistance of a large number of small 
closely grouped constrictions, each 6A, is very little greater than the resistance of 
one large constriction A ; indeed for a single contact region between crossed cylinders 
the resistance between rough surfaces is nearly the same as that between smooth 
surfaces. Therefore, to a first approximation, the surface temperature of the model 
of Fig. tb will be the same as that of Fig. Ia. 

The above conclusions may be modified at higher speeds of sliding and for less 
closely packed contact areas. However, in general, the largest temperatures are those 
deduced for the whole contact region rather than those deduced for the smaller in- 
dividual contact areas. 


3. EXPERIMENTAL 
3.1. The wear of steels 


Steel surfaces, when rubbed under relatively severe conditions, exhibit structural 
changes and intense hardening of the surface layers ; these changes can cause a marked 
decrease in the wear rate’. These effects have been attributed to the formation of 
martensite and it will now be shown that the local temperature rise required for the 
martensitic transformation (at least 700°C) is consistent with the flash temperature 
theory outlined above. 

Fig. 4 shows the results of some wear measurements* with a pin and ring machine’. 
Both pins and rings were of a 0.52% carbon steel (V.P.N. 250). Graph A shows the 
wear rate of the pin as a function of the speed for a load of 10 kg. At low speeds severe 
wear occurred and the wear rate was high. At a speed of about 100 cm/sec the charac- 
teristic reduction in the wear rate associated with the martensitic transformation 
occurred. With a load of 1 kg (Fig. 4B) a similar behaviour was observed, the reduc- 
tion in the wear rate occurring at a speed of about 200 cm/sec. 

The maximum theoretical flash temperatures for the transition conditions of Fig. 4 
can be obtained from Fig. 3B. A coefficient of friction of unity will be assumed (friction 
machine experiments show that during welding yu rises to between 0.5 and 1.5). At 
100 cm/sec the full load of 10 kg produces a temperature rise of 1,200°C whilst a rise’ 
of 700°C is produced by a local load of 2.5 kg. At 200 cm/sec the full load of 1 kg 
produces a temperature rise of go0°C and a rise of 700°C 1s produced by a local load 
of 600 g. The theoretical flash temperatures are therefore more than sufficient to 
justify the assumption that the hard wear-resistant surface layers are formed as a 
result of frictional heating. A more exact comparison between theory and experiment 
is not possible because of uncertainties about the nature of the experimental con- 
ditions. For example, theory forecasts that the flash temperature depends upon the 
parameter W +): a tenfold reduction in the load might therefore be expected to cause 
the transition speed to increase by a factor of three. The experiments show that the 
transition speed shows only a twofold increase (Fig. 4). However, as pointed out by 


* The author is indebted to Mr. A. J. Payne for his help with these experiments. 
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WELSH? the reduction in wear is not associated with the first appearance of the mar- 
tensitic transformation but with the formation of quantities of this material sufficient 
to arrest the progress of severe wear. 


3.2. Thermal breakdown in the wear of high polymers 


Experiments show that at light loads and moderate speeds thermoplastic materials 
such as Perspex and Polythene have a comparatively low wear rate. However, if the 
load or speed is increased a point is reached where there is a catastrophically large 
increase in the wear (Fig. 5) and this breakdown is attributed to surface melting of the 
polymer. The following experiments* were devised to determine the conditions for 
this thermal breakdown at a single contact region. 

A pin and ring machine was used with the specimens oriented in the crossed-cylin- 
ders arrangement (Fig. 6). Contact between the specimens was therefore confined to 
a small elliptical region. The load W was applied and the machine was then run for 


Wear rate (cm3/cm) 


we 
10 4 Perspex ,~ 


9% 


@ Polythene 


Fig. 6. Experimental arrangement for the 
5 O50 investigation of thermal breakdown in the 

teee' ts) wear of Perspex. A: Semi-cylindrical pin of 
Perspex, diameter 1.25 cm. B: Rotating ring 


Fig. 5. The wear of polymers on hard- fi <P i : i 
ened steel. Speed 200 c/sec. saan moe ek a ean 


10 


* The author is indebted to Mr. M. E. Baker for his help with these experiments. 
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a short period (usually one minute). At light loads little or no damage could be detect- 
ed after this period of running. In subsequent runs the load was increased in small 
steps until examination showed severe damage of the pin. In this way it was possible 
to determine, with an accuracy of about 10%, the load required to cause the onset 
of heavy wear. The appearance of the specimens supported the suggestion that this 
breakdown was caused by surface melting. With loads below the transition load dam- 
age was seldom evident, the most that was observed being a few fine scratches. 
With loads above the transition load it was obvious that considerable surface flow 
had occurred and usually there was a well-defined wear scar. Breakdown loads were 
measured for a number of speeds; they ranged from about 20 g at a speed of 356 cm/ 
sec to about 3.5 kg at a speed of 11.4 cm/sec. The results are shown in Table I. The 
coefficients of friction listed are the average values at or near the breakdown load 
obtained in an independent series of experiments carried out under similar conditions. 

The specimens were polished to a fine surface finish (< 2uin. C.L.A.) using metal 
polish and were carefully washed in petroleum ether before each run. This method 
of cleaning gave lower values of friction than vapour degreasing but resulted in fairly 
consistent friction measurements and breakdown loads. 


TABLE I 
THERMAL BREAKDOWN OF PERSPEX 


Breakdown load (W), coefficient of friction (u) and radius of contact area (a) in experiments at 
different speeds (V). The radius a is the geometric mean of the semi-axes of the ellipse (ratio of 
axes = I.7 approximately). 


V(cm|sec) W(g) ic a (mm) uwtvt 
si iy 3250-3500 0.09 0.55 18.4 
21.4 [400-1500 O.11 0.43 19.0 
35.6 650-700 0.12 0.32 19.2 
pits 275-325 0.14 0.25 20.8 

114 IOO-I10 0.17 O:17 19.0 
214 40-50 0.20* 0.13* 19.7 
3506 20-22 0.23* 0.10* 19.9 


* Extrapolated from measurements at heavier loads. 


Area of contact measurements (Table I) are, to a reasonable approximation, con- 
sistent with eqn. (12) which assumes that the deformation is elastic. Application of 
eqn. (3) showed that the values of L range from 280 at 11.4 cm/sec to 1600 at 356 
cm/sec. Thus the high-speed equations apply and the temperature at the contact 
should be given by eqn. (134), which implies that the surface temperature should be 
proportional to uW2V2. Therefore if breakdown occurs when the surface temperature 
reaches the softening point of the Perspex, wW 4V% should be constant for all the 
experiments. The last column of Table I shows uW2V2 was constant despite wide 


changes in the load and speed. 
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The theoretical value of the maximum temperature in the contact can now be 
calculated. Equation (13d) gives the average temperature in a circular contact and 
this is increased by a factor of 1.14 to take account of the elliptical shape of the contact 
in the present experiments. The maximum temperature Omax is 1.65 times the average 
temperature and we therefore write for these experiments 


E 
KocR 


fe by P 
Omax = 0.50 4) ( ) uwtvt 


The material constants in the above equation are as follows: K = 4.7-10~4 cal 
sec-! cm-1 °C-! (measured in a Lee’s disc experiment), 9 = 1.2 g cm~%, ¢ = 0.35 cal 
g-1°C-1, E/R = 2.7 - 107 g cm-! (obtained from the area measurements). Thus using 
the average value of wW2V2 from Table I (19.4 gzcmésec-2) we obtain 


Omaz = 84°C 


This is close to the softening point of Perspex, which is about 80°C above the ambient 
temperature. There is therefore good agreement between theory and experiment. 


4. TEMPERATURES IN ELASTO-HYDRODYNAMIC CONDITIONS 


Elasto-hydrodynamic conditions occur in heavily loaded bearing elements such as 
gears and ball or roller bearings where it is agreed that the oil film can be much 
thicker than that forecast by classical hydrodynamic theory. The surfaces deform un- 
der the high local pressures and it is known that the increase of lubricant viscosity 
with pressure plays a vital role in determining the value of the film thickness. The 
subject has been reviewed recently by BLoK?®. 

The temperatures which exist in elasto-hydrodynamic films will now be discussed. 
The theory which is developed below will be illustrated by reference to a disc machine 
experiment described by CRooK!!.18, Two steel discs of 3 in. (7.62 cm) diameter were 
run together with unequal peripheral speeds Vi and V2. The experimental conditions 
are illustrated in Fig. 7. At a load of 2 - 108 dynes/cm of face width the film thickness 


Fig. 7. The elasto-hydrodynamic film. In Croox’s disc machine experiment discussed in the text 
the details are as follows: Load per unit face width W’ = 2 - 108 dyne/cm, 2b = 4.2 - 10-2 cm. 
h =1-+10-4cm, uw = 0.04, Vi = 596 cmsec-!, Vo = 920 cm sec~1!, mean peripheral speed, V = 
758 cm sec~!. For the oil, Ky = 4+ 10-4cal cem-!sec-1 °C-1, ¢y = 0.5 calg-!°C-1, 9, = 0.8 g cm-3 

“#1 = I: 107-3 cm? secul., 
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was shown to be about r-10~4 cm and the coefficient of friction was 0.04 (CROOK, 
private communication). In accordance with elasto-hydrodynamic theory it will be 
sassumed that the deformation of the discs was Hertzian and consequently a parallel 
film (Fig. 7) of length 2b = 4.2 - 10-2 cm was formed between the surfaces. Flash 
temperature theory, which assumes that the effect of the oil film can be neglected, 
gives a maximum surface temperature of 21°C. From simultaneous measurements of 
the electrical resistance and electrical capacity, CROOK estimated that the temperature 
of the oil passing between the discs was raised by about 200°C. This estimated temper- 
ature rise is so far in excess of the theoretical surface temperature that the applic- 
ability of the flash temperature theory to elasto-hydrodynamic conditions clearly 
requires reconsideration. 

The heat is generated by viscous losses in a parallel slab of oil of thickness / and 
length 2b (Fig. 7). As a first approximation it will be assumed that this slab passes 
between the discs with their mean velocity V = $(Vi1 + V2) and that the heat is 
generated uniformly throughout the slab. It is important to recall that in practice / 
is much smaller than 2) (h = 17, 2b = 420, in our example). Since the film is bounded 
by material of much higher conductivity the heat flow in the oil is in the y direction. 
The problem is therefore one of linear heat flow. 

Each element of the film has received heat for a period of time t = x/V, x being 
the distance of the element from the entry side. The analysis is therefore that of the 
temperature distribution in a slab of material in which a uniform supply of heat, go 
units per unit volume, is started at a time ¢ = 0. The boundary conditions 
(Fig. 7) are, = 0 at ¢ = 0 for all values of y, and 

@=oaty=oandy =P for all values of f, 
where 0 is the temperature. 

The solution of this problem!? is 


qv 4 8h2 seamen I “i(2m + ae | _ (2m + mm oo 
= ex sin 
8 2 | aai> m3 es ee , he h 

m= 


where Ky is the thermal conductivity of the oil, x: its thermal diffusivity, and y the 
distance measured from one face. On the median plane (y = //2) this reduces to 


qvh? [: 32 (—1)™ (exp “i1(2m - a) (16) 


It is clear that as ¢ increases 9 rises towards its steady state value 6, and that a 
close approximation to steady state conditions exists when the summation term in 
eqn. (16) is small compared with unity. It can be shown from eqn. (16) that 6 is 95% 
of 0, when ¢ = 0.3 h2/x1. We will assume that the thermal conductivity of the oil 
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Ki is 4- 10-4 cal cm-? sec~! °C-1, its specific heat c1 1s 0.5 cal g-1 °C-1andits density 
01 = 0.8 g cm-%. The thermal diffusivity 1 is therefore I - 10~* cm® sec™. Thus in 
the example of Fig. 7, where h = 1 - 10-4 cm, a good approximation to steady state 
conditions is established in 3 - 10-* sec. In this example the mean velocity of the oil 
passing through the parallel region is 758 cm sec-! and each element of oil is therefore 
heated for a total time of 56 - 10-® sec. This time is large compared with the few micro- 
seconds required for the establishment of steady state conditions. Consequently 
steady state conditions will exist over nearly all the width 26 of the parallel film. 
The oil temperature on the median plane is therefore 


0 = qvh?/8 Ky (17) 
The rate of heat supply per unit volume q, is given by 


W’ (v1 — 02) 
es aaa (18) 


where J is the mechanical equivalent of heat and the other symbols are defined in 
Fig. 7. Thus, in our example, 


qu = 1.5 ° 10” cal sec-1 cm-3 


and from eqn. (17) the temperature rise on the median plane is 47°C. This temperature 
is attained under steady state conditions ; this means that it is the temperature differ- 
ence within the oil film required to ensure that all the heat generated is conducted 
to the surfaces. Under these conditions the surface temperatures will be close to those 
deduced from flash temperature theory since the only change introduced by the 
presence of the oil is in the division of the total heat supply between the two surfaces. 
Therefore, to a first approximation, the temperature on the median plane is the tem- 
perature of eqn. (17) plus the corresponding surface temperature calculated from 
the flash temperature formula. In Fig. 8 these temperatures are plotted for the 
example of Fig. 7. 


Temperature RU 
sic 
40 Entry Exit 
side side 
20 1 re ee 
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J 


i) 1 2 3 4x10-7cm, 


Fig. 8. Temperatures for the example of Fig. 7 assuming uniform heat dissipation. A: Surface 
temperature. B: Temperature at the centre of the oil film assuming uniform distribution of heat 
supply throughout the parallel film. 
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The original assumption was that the heat, generated by viscous losses, was dis- 
tributed uniformly throughout the parallel film. This is incorrect because wide vari- 
ations in viscosity will exist. The appropriate modifications to the initial assumption 
will now be considered and their effect upon the calculations will be briefly discussed. 

Firstly, because of the temperature gradient, the viscosity will be least along the 
median plane (y = //2) and greatest at the surfaces (y= 0 and y = A). If an exagger- 
ated view of the situation is taken and it is assumed that, compared with the oil in 
the median plane, the rest of the film is solid, then all the shearing and all the heat 
generation occurs on the median plane. The actual situation will be intermediate 
between this extreme and the uniform heat generation originally assumed. Along a 
line parallel to the y axis (Fig. 7) the shear stress is approximately constant and it is 
easily shown that under constant shear stress conditions the rate of shear strain and 
the rate of heat generation are inversely proportional to the viscosity. As an upper 
limit one can assume that all the heat is generated on the median plane. Since, as 
shown earlier, a steady state temperature distribution exists the calculation is ele- 
mentary and the temperature rise on the median plane is 


0 = quh2/4K1 


This is twice the value obtained previously (eqn. (17)) assuming a generation of heat 
uniformly distributed throughout the film. 

Secondly, under elasto-hydrodynamic conditions wide variations in viscosity are 
to be expected because the viscosity increases with the pressure. Since the pressure 
distribution is approximately Hertzian the viscosity rises from a low value on the 
entry side, reaches a maximum at the centre, and falls towards the exit side. In 
shearing this parallel film of variable viscosity the greatest rate of heat generation is 
to be expected at the centre where the viscosity is greatest. Thus, along a line parallel 
to the x axis (Fig. 7) the rate of shear strain is approximately constant and under 
constant rate of shear strain conditions the shear stress and the rate of heat generation 
gv are proportional to the viscosity. Obviously q» will rise towards the centre, where 
the viscosity is greatest and will then fall towards the exit side. In the earlier discussion 
it was shown that a steady state temperature distribution was rapidly established 
within the film. Therefore the temperatures within the film will follow quite closely 
the changes in q». 

The variations in q» in the x direction will also influence the distribution of temper- 
ature over the surfaces! but the surface temperatures will respond more slowly to 
those variations in qv. Thus, the main effect of variations in viscosity is to increase 
the maximum temperature within the oil film, to move this maximum towards the 
centre of the parallel film, and to exercise a smaller influence upon the surface temper- 
atures. 

A conservative estimate of the temperatures in the above example is that the sur- 
faces will be raised by about 20°C and that the oil temperature will be raised by more 
than 100°C. These figures are in reasonable agreement with CRooK’s!!;° experimental 


estimates. 
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5. CONCLUSIONS 

The first aim of this paper has been to present a condensed version of the flash 
temperature theory in a form suitable for the experimentalist. Two alternative 
equations, the high- and low-speed formulae, can be used to calculate the flash temper- 
ature. Which of these two equations is appropriate for a given set of experimental 
conditions is determined by the magnitude of the dimensionless parameter L. The 
treatment of this paper emphasises that L is a measure of the depth of penetration 
of the heat below the surface. The high- and low-speed equations then represent two 
extreme limiting conditions: at low speeds the heat flows through the whole of the 
constriction region, and at high speeds the penetration of heat is limited to such small 
depths that the flow of heat is linear. 

Flash temperature theory uses an idealized model to represent a rubbing contact 
and it is important to enquire whether it is a reasonable approximation to practical 
conditions or whether some changes in the model are required. For example, one 
requires to estimate the effect of protective oxide films or the consequences of a 
sub-division of the contact. A rigorous solution of these problems would be very 
complex but using the simple approach of the present paper it is possible to deduce 
the main effects of the appropriate modifications to the theoretical model. For exam- 
ple, it is shown that under most practical conditions the presence of a protective sur- 
face film of low thermal conductivity raises the surface temperature but leaves the 
substrate temperature practically unchanged. 

The graphical methods which have been described can greatly reduce the time and 
labour involved in obtaining an estimate of the flash temperature. They have addi- 
tional advantages in the intermediate speed range (0.1 << L < 5) where neither the 
low-speed nor the high-speed equations can be applied with sufficient accuracy. The 
maximum advantage is obtained from the use of graphical methods, when, in a 
series of experiments, a single combination of materials is used and it is required to 
calculate the maximum possible flash temperatures for various loads and speeds. 
Normally it is necessary first to calculate (by obtaining the value of L for each load 
and speed) whether the low- or high-speed equations apply and then to calculate the 
temperatures from the appropriate formulae. In contrast, by using a graph (such as 
those of Fig. 3) the temperature is obtained directly from the given values of the load, 
speed and coefficient of friction. 

The experiments which have been described have been selected to illustrate the 
use of flash temperature theory in the interpretation of wear experiments. A feature 
of the experiments with Perspex is that, even at speeds as low as 10 cm/sec, the effects 
of frictional heating are confined to relatively thin surface layers. In experiments with 
metals!4 this requires speeds of the order of 104 cm/sec. Thus, high thermal gradients 
are established in metals only at the highest speeds of sliding but with materials of 
lower thermal conductivity they are achieved at speeds normally encountered in 
laboratory experiments or engineering practice. Such thermal gradients probably 
oceur in surface protective oxide films and their existence in elasto-hydrodynamic oil 
films has been discussed in Section 4 above. In the example of an oil film 1 thick it 
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has been shown that the temperature difference within the film is easily the largest 
transient temperature in the contact region and it may be more than five times 
greater than the surface flash temperature. 


ACKNOWLEDGEMENTS 


The author is greatly indebted to his colleagues for much discussion of this work 
and to Dr. W. Hirst for his constant encouragement and advice. Thanks are due to 
Dr. T. E. ALLIBone, F.R.S., Director of the Research Laboratory, Associated Elec- 
trical Industries, for permission to publish this paper. 


Re (PE Ree iN CaS 


1 H. Brox, General Discussion on Lubrication, London, 1937, Vol. 2, Institution Mechanical 

Engineers, p. 222. 

H. Biox, Second World Petroleum Congress, Paris, June, 1937, Section 4. 

J. C. JaeceErR, Proc. Roy. Soc. N.S.W., 56 (1942) 203. 

F. P. BowDEN AND D. Tasor, The Friction and Lubrication of Solids, Oxford University Press, 

London, 1950. 

4 R. Hou, J. Appl. Phys., 19 (1948) 361. 
R. Hom, J. Appl. Mech., 19 (1952) 369. 

5 L. R. INGERSOLL, O. J. ZOBEL AND A. C. INGERSOLL, Heat Conduction, Thames and Hudson, 
London, 1955, pp. I10-1II. 

6 H. S. CaARSLAW AND J. C. JAEGER, The Conduction of Heat in Solids, Oxford University Press, 
London, 1947, p- 56. 

7 M. Cocks, Ph. D. Thesis, Reading University, 1953- 

8 N.C. Wetsu, J. Appl. Phys., 28 (1957) 960. 
N. C. Wetsn, Conference on Lubrication and Wear, London, 1957, Institution Mechanical Engi- 
neers, Paper 77. 

9 J. F. ARCHARD AND W. Hirst, Proc. Roy. Soc. (London), A, 236 (1956) 397. 

10 H. Brox, Wear, © (1957) 491- 

11 A. W. Crook, Trans. Roy. Soc. (London), 250 (1958) 387. 

12 H. S. CARSLAW AND J. C. JAEGER, ref.6, p. 108. 
L. R. IncERSOLL, O. J. ZOBEL AND A. C. INGERSOLL, ref.5, p. 117. 

13 A.W.CROOoK, Conference on Gearing, London, 1958, Institution Mechanical Engineers, 1959, (in 
the press), Discussion in Session 3. 

14 F. P,. BowpeENn Anp E. H. Freitae, Nature, 176 (1955) 944. 
E. H. Freitac, Conference on Lubrication and Weary, London, 1957, Institution Mechanical 
Engineers, Paper 44. 


tb 


wo 


Received March 16, 1959 


456 WEAR VoL. 2 (1958/59) 


SPECIFICATION OF THE VISCOSITY OF LUBRICANTS 


L. ROZEANU anp O. PREOTESCU 


Institute of Applied Mechanics, Rumanian Academy of Sciences (Rumania) 


SUMMARY 


The correct choice of a motor oil, as regards viscosity, can be made theoretically on hydrody- 
namic considerations. 

The theoretical procedure involves laborious operations necessary for the development of the 
Fourier series which gives the variation of the attitude angle. 

By a more approximate procedure one arrives at a general relation: 

(il "457 10— Ke seCnMae say 
5 cSt at ~ 90°C, 

which should be correct for all new car engines. 

This value must be corrected for wear, which can also be done by calculus or graphically. 

Finally a convenient procedure is given for expressing viscosity changes at high temperatures. 


RESUME 

Le choix correcte des huiles 4 moteurs, en ce qui concerne la viscosité, peut étre fait théorique- 
ment en partant de certaines considérations hydrodynamiques. 

A cette fin, on doit accepter au préalable l’hypothése raisonnable que le palier de bielle est 
Vorgane de frottement le plus sensible a la viscosité de Vhuile. 

Du point de vue théorique, le procédé exige certaines opérations assez laborieuses nécessaires 
au développement de la série Fourier, qui donne la variation de l’angle de la ligne des centres 
avec la direction de la charge. 

Par un procédé plus approximatif, on arrive a une relation générale 


1 = 4.7 + 10-4 kg. sec. m2, respectivement 
Sete 7 


qui devrait étre valable pour tous les moteurs neufs d’automobile. 


Cette valeur doit étre corrigée pour l’usure, ce qu’on peut faire soit par calcul, soit par repré- 
sentation graphique. 


Dans la derniére partie du travail, on propose une méthode convenable pour exprimer des 
conditions de viscosité pour température élevée. 


INTRODUCTION 


Although the piston rings and cylinders are the parts of an engine subject to most 
rapid wear by friction, there are good reasons for considering the bearings and par- 
ticularly the crankshaft pin bearings to be much more sensitive to the oil viscosity. 

Indeed, the crankshaft pin bearings are obliged to support greater loads (commonly 
reaching 100 kg/cm®) of variable intensity and from varying directions, while owing 
to the unsatisfactory heat dissipation they are subjected to temperatures some 
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30°C greater than those to which other engine bearings are subjected. They are 
thus the first to wear and the first to seize. But since the lubricating conditions are 
hydrodynamic, a suitable lubricant can be selected by a rigorous analytical procedure. 

At the same time, theoretical and practical evidence would suggest! that the oil 
viscosity imposed by this machine part will certainly satisfy the requirements of 
any other machine part of the same engine; consequently, the choice of the lubricant 
as regards viscosity becomes a routine task, but not a very easy one. 

In the following a procedure for calculating the necessary viscosity is described. 
It is based on recent theories? and is in good agreement with other well-known and 
classical theories. 


S /MBOLS 
ha average height of asperities Ad* — variation of 6* 
Oe minimum film thickness C duty parameter 
A radial clearance [a absolute viscosity at entrance 
F force y relative clearance 
Y journal radius Cn\ notations for complex 
b breadth of bearing Ci functions of a and A 
A breadth/diameter ratio R crank throw 
a relative eccentricity l length of connecting rod 
Qnom nominal value of a Qi angular velocity 
Qmax maximum value of a Qs pulsation of engine’s cycle 
i geitade prele oe coefficients of the 
O%om nominal value of 6* Fars er cen 
Omin minimum value of 6* Fen 

CALCULATIONS 


The first and the most important condition for hydrodynamic lubrication is that 
the minimum oil film thickness (62) should be greater than the sum of the tallest 
asperities (/o). Conventionally, for fine workshop practice the relation is considered 


to be: 
62 > 3 ha (1) 


The relative eccentricity a is given by 
dia aT (2) 


where A is the radial clearance. 
The attitude angle 6* is readily obtained for large values of a, using the relation 


o="eosi0* (3) 
When this is not possible, it would be necessary theoretically to use some rather 
difficult formulae. It is more convenient, however, to proceed graphically with the 
aid of diagrams deduced by the laborious procedure, like that of Fig. 1, which 
is theoretically correct for 0.5 breadth diameter ratio (A). 
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Fig. 1. Variation of relative eccentricity (a) against attitude angle (6*) for A = o.5. 


The variations AO* of the attitude angle 6* result from the convenient Fourier 
series: 


pMDI tien OA As ~ | Fen ( (cos Qo! “4 +) 
Age's 2. (sin O21) ‘ = n | (cos »Q3t — cos n — + — 
. him 1 ) Os =D | an ( oO 3 ha Go 


< M4 Q3 
— Fen ((si n Qst — sin n —: (4) 
2 Qy 


where the coefficients eo, Fs, and Fen are obtained with the aid of the harmonic 
analyser from the diagram showing the magnitude of the resultant force on the 
particular engine crankpin during an entire cycle. 

Thus we get 


Bor = Omin + A0* (5) 


and further, using Fig. I, we obtain the (corrected) value of aor. 
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The duty parameter ¢ results from 


2 2 

Ve ++ Cy 

C= (6) 
I + Gnom 


where Cy and C; are complicated functions of a and A. 
The graphical method again proves more convenient, as is seen in Fig. 2, corre- 
sponding to Fig. 1, which gives the calculated diagram of ¢ against a for A = 0.5. 


0 02 04 06 08 100 a 


Fig. 2. Variation of duty parameter (¢) against relative eccentricity (a) for A = 0.5. 


The absolute viscosity is related to the geometric and functionally known param- 


eters as follows 
Fwy 


2br Qe 


(i, = kg .sec.m-? (7) 


where ji is the absolute viscosity of the oil when entering in the bearing, and {1 
the representative speed of the friction assembly. 

Objections can easily be raised to such a time-consuming method. To exemplify 
this, it is sufficient to mention the 25 symbols used and the supplementary 20-00 
values of Feo, Fsn and Fen. As will be shown, a great number of cumbersome operations 
can be omitted if suitable generalizations are made. 


A practical generalizing approach 

The height of asperities is an elusive and not very significant parameter. It has 
been shown’ that after some running time the surface quality changes to a value 
corresponding to the particular mechanical conditions of every rubbing part, indepen- 
dent of the original surface quality. We are thus obliged to abandon eqn. (1). Since 
it has been proved that the hydrodynamic film can be very much thinner, if we assume 


surface qualities corresponding to the normal fine workshop practice, we can accept 


a safe general solution 
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One e (8) 
For A we can adopt the well-known, empirically verified solution 


A = 0.0017... 0.0015 7 (9) 


Further, using the values 62 ~ 1 “4, A = 0.00I7.,..0.00157 and eqn. (2), we readily 
obtain the value of a. We can also by-pass the mentioned value of A and use instead 
the values resulting from the workshop tolerances, which, for normal motor-car 
engines, would give for the crankshaft pin bearing: 


A = 0.03". 4..0:09 mm (10) 
It follows that 
02 (11) 
= see ae see, mm 
2 8 cee 7 97 99 
The corresponding attitude angle is given by Fig. 1 
Ona ye (12) 
The difficult task of finding A6* was solved by applying eqn. (4) for a number of 
representative engines. In fact we used a slightly modified procedure described in 
another paper!. In Figs. 3a, 4a and 5a are given the resultant force on crankpin 


diagrams for three engines investigated, namely M-20, ZIS-120 and Horch 3 A, 
which served for calculating the Fourier coefficients of eqn. (4). The corresponding 


PCE 


Bia aes 3 


0 aa ae as ae a ae 560 ae 720°S2,¢ 
j b. 
Sh 
10 
D5 


0 80 160 240 320 400 480 560 640 720° S2,t 


Fig. 3. Variation of resultant force (F) on crank pin against crank angle (@*) and the corre- 
sponding oil-film thickness (62) in microns, for engine M-2o0. 
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400 


Eoricaa Sta a et 
0, 80 160 240 920 400 480 560 640 720° {2jt 


& 2 Loi mane Annie 

poe onl io! SNe ee 
Qs 20m ease a Seo 

ee eats (2 Se 

0 30 160 260 320 400 480 560 640 720°S2,t 


Fig. 4. Variation of resultant force (F) on crank pin against crank angle (0*) and the corre- 
sponding oil-film thickness (dg) in microns, for engine ZIS-120. 


a. 


[| 


CaS 
Cie a 


0 go 160 240 720 400 480 560 50 720° J2,t 


y 30 G. 


0 80 160 240.320 400 480 560 540 720° Ldyt 


Fig. 5. Variation of resultant force (F) on crank pin against crank angle (6*) and the corresponding- 
oil-film thickness (62) microns, for engine Horch 3 A. 
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values of AQ* introduced in eqn. (5) furnished, with the aid of eqn. (3), the values of 
a necessary for calculating 62 during a complete cycle (Figs. 3b, 4b and 5b) 


62 ws (1 — a) 
where for A we adopted the average value of condition (9), 7.e. A = 1.257 * I0~%. 
The calculated values of AO* were 30°, 23.35° and 20° respectively. For other 


engines, the values were intermediate. Since there are no practical objections, we 
can adopt the most unfavourable condition 


AQ* = 30° (13) 
and 
Oeor = 0 + AO ~ 37° (14) 
Again using Fig. 1, we find the corrected value of a 
Qeor 0.875 (15) 


The duty parameter ¢ results from Fig. 2, which can be applied to crankshaft pin 
bearings, which usually have 2 = 0.5. We obtain 


C=10:9 (16) 
The problem is now reduced to the solution of the previously mentioned relation 
for wi (eqn. 7), which we shall write for convenience: 


a 


I 
On aes (17) 


[1 


For the investigated engines we found that 


F 
abr ™~ 1400 (18) 
an average value which can be somehow justified since F/2br is the pressure on the 
bearing, limited by the mechanical strength of the bearing material, and F/2brQ 
corresponds to a pressure parameter corrected for speed. 
The relative clearance y by definition and convention is 


A 0.001” 0.0015” 
y = — = 


re ¥. Y 


= 0,001 ... 0.0015 (19) 


The value of y must be corrected for the thermal dilatation of the bearing, because 
the working temperature is appreciably higher, but varying in a rather small range 
around 90°C. Following the procedure indicated by another author‘, we obtain the 
corrected value of p 


Weor ~ 5.5* 10-4 (20) 


The value of ¢ was already stated (eqn. 16), so that we can write the final form: 
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I 


pa 1400 (5.5 1074)?* ~' 4.7 ° 10-*kg:sec.m-? * (21) 


0.9 
or 
pa © 5 cP at ~ 90°C 


Correcting for wear 

The dimensions used for deducing this viscosity are those of a new engine, but 
an engine is new only for a short time. Wear begins with running-in and continues 
as shown in Fig. 6. The nearly linear part AB is particularly interesting. It has the 
significance of a constant wear rate and corresponds in practice to the useful life 
of the machinery. 


Fig. 6. Conventional variation of wear (w) against time (T). 


Ay — original radial clearance 

A  —radial clearance at time ¢ 

A Ao — increase of original radial clearance 
A — wear after running-in 

B — wear at time ¢ 


The AB portion can be easily expressed: 


A = Ajo +t tanB (22) 
where 1 is time of wear and tan f is the slope of the wear line. 
Dividing by 7 we get 
A A t 7 tan 
Y Y Y if 
Further we can write 
tan B A Ao 
an = 
Tt (24) 
‘so that eqn. (24) becomes 
A Ao 
ies + po (25) 


Y 


The value of Ado can be deduced statistically and represents the maximum wear 
admitted for that machinery before overhauling. For instance, for car engines, 
it is believed that the average bearing wear before overhauling is about 0.025 mm?. 
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The time taken to reach that wear limit differs according to local conditions, 
but for a certain set of conditions this time should be reproducible. 
For an arbitrary moment ¢, the wear will be 


I 0.025t 


Y Tt 


where T is the time limit for the maximum permissible wear. 
Considering tT = 1, the value of ¢/t will vary between o andere 
Further we can use the fraction 1/7 to simplify the graphical construction, where 
it has the significance of the wear line’s slope, as is shown in Fig. 7, because 
I wo 
ve de 


yp 


4 Zo 0 ; 


Fig. 7. Increase of relative clearance (a) against time of wear (1) as a function of original radial 
clearance (40). tan f = slope of increase line. 


i] 100%; 
v A 
xX 107mm 
y,| At eg. 
4 Ao CLG. hy fy 


Snorcotions for use 


3 4567890 15 20 253035405060 cH kk 


Fig. 8. Nomograph for deducing the lubricant viscosity (1), function of orgiinal radial clearance 
(Ao), original relative clearance (wo), and wear (%7). 


Now we can deduce any value of y, at any moment, and we can calculate the 
corresponding value of wu, for car engines, using relation (21) in its new form: 
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2 
fa = 1550 yt kg.sec.m-? = 1.53 + 108 Ye @l (28) 


The mathematical development can be conveniently replaced by the nomograph 
of Fig. 8. The values of y; (relative clearance at time #) are given by the intersection 
between the Aowo line and the normal to the ot axis, passing through point 7. From 
the point y: we trace a horizontal line up to the point A+. The intersection of the 
normal from this point to the 1 axis gives a point w, which is the desired viscosity 
in cP. 

Easier still and very useful as a rough guide is Table I, compiled for normal 
car engines. 


TABEE, I 


Desired viscosity of oil at working temperature 
in CP) 


Finish (in c 


Initial wear Normal wear Worn-out 
Good 5 5) 
Fair 5 10 17.5 
Poor 10 17.5 35 


Influence of high temperatures 

The present method for defining analytically the viscosity at I00°C (210°F) is 
of no use if we wish to know the viscosity at other temperatures of up to 20-30°C 
higher or lower. For this reason, we considered it more reasonable to express the 
viscous behaviour of the oil at high temperature by another parameter related to a 
known variation of the lubricant viscosity. 

For this purpose, we found it convenient? to use the viscosity (v-) and the tem- 
perature (¢e) at which 


= 0.02 (29) 


or, in other words, which corresponds to a viscosity variation of 2%/°C. 
The value of T- (the value of ¢- expressed in absolute Kelvin degrees) can be readily 
deduced from the classical Walter Ubbelohde relation 


log log (v + c) =alogT +6 (30) 


which served, as was shown’, to obtain the equation 


log —b 
ain 1o 


lonhe= ree (31) 


where 
T, — the absolute temperature corresponding to the adopted value of x, °K 


x <= the adopted value of the viscosity variation of the oil, eventually 0.02 as in 
eqn. (20) 
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a and b = the Walter Ubbelohde constants of eqn. (30) for that particular oil 

Into 4 ==2:3026. 

If we know J, we pass over easily to the corresponding - using eqn. (30) or the 
ASTM Chart. 

The v- and ¢, parameters present some interesting properties which have been 
discussed elsewhere? ; we shall merely recall here the outstanding fact that it dispenses 
us of the a, b and c constants of eqn. (30), and as we can make the approximation 


dy a (az + b) 
=e 


+c (32) 


by integration we find 


eae 0 006(t-te) : 1-008 egmee ue | eat 
where 
y = the desired viscosity, cS 
Ye = the viscosity at which |dy/dét. 1/y| = 0.02 
t = the temperature corresponding to »,°C 
te = the temperature corresponding to 9c,°C 


Fig. 9. Variation of & against temperature difference (t — te), f i i 
f — 1), for calculating the viscosity at an 
temperature ¢ (v), if we know the viscosity (v~) and temperature (¢,) for which % ‘ 


dy 1. 


—0-006(t—tc) 1-006 0-01604(¢-t 
k= e e e : MY —— | 
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As the interesting temperature range is limited at some 20° or 30°C above or 
below tc, the temperature-dependent term can be calculated and tabulated so that if 
we know ye and fe, we can deduce the viscosity at any temperature, just by mul- 
tiplying »- by a factor k corresponding to the desired temperature difference; this 
difference is considered negative if ¢ is lower and positive if ¢ is higher than ¢. The 
value of & is given in Fig. 9. 

To simplify matters, we give also in Table II the values of »- and t, for some common 
engine lubricating oils. 


TABLE II 
For oils with V.I. 100 For oils with V.I. 50 
Viscosity at 210° F Viscosity at 210° F 
/o8.0°C Ve te SAE Be Ve te SAE 
Sn ) (cS) (°C) rating ee (cS) (°C) rating 
6 6.8 93.4 sme) 6 5.6 T01.85 sme) 
@ 6.9 99.5 7 5.8 106.85 
8 Gal 104.5 20 8 6.0 110.95 20 
9 7.5 106.8 9 6.17 114.25 
10 7.8 109.8) 10 6.38 T1715 
12 8.4 113.05 3° 12 6.74 121.70 34 
14 8.9 1I7-7\ 14 7EEO. 125.40 
16 9.4 120.75 aS 16 7.33 128.85 a 
18 9.8 123.7 18 7.57 131.80 
20 10.2 126.2 5° 20 viata] 134.35 5° 


The values are only approximately correct, but satisfactory for practical purposes. 


CONCLUSIONS 


Engine lubricants can be selected, as regards viscosity, by an analytical procedure. 
A simpler method is proposed, based on the analytical one, in which reasonable 
generalizations were operated. 

In practice, the oil viscosity should vary, at the working temperature, from 5 cP 
for good-quality new engines to 35 cP for poor-quality worn-out engines. 

We make no mention of other oil functions, involving the problem of additives, 
widely discussed in the literature, on which we have done no original work. 
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THE CONTACT BETWEEN A LOCOMOTIVE DRIVING WHEEL AND 
THE RAIL* 


H. 1. ANDREWS 


British Transport Commission, Marylebone, London (Great Britain) 


SUMMARY 


In connection with improving the adhesion of locomotives, a study was made of the conditions 
of contact existing between locomotive driving wheels and the rail. Observations were made 
of such measurable quantities as contact area and shape, relative movement or “creep ”’ in rolling, 
and limiting coefficient of friction, with different values of vertical load, wheel diameter, tractive 
force, etc. The results obtained were compared with the calculations of HERTz, CARTER, and 
others. Whenever possible measurements were made upon actual wheels and rails, but when 
this was impossible the problem was simulated by a model in a material giving greater deflection 
under load. Consideration was also given to the effect of wear upon tyres and rails. In general, 
reasonable agreement was obtained between actual and calculated values, except that the areas 
of contact could apparently be increased by roughness of the contacting surfaces, and in the case 
of creep there appeared to be some additional factor which has so far been neglected in calcula- 
tion. 


ZUSAMMENFASSUNG 
KONTAKTE ZWISCHEN TRIEBRAD EINER LOKOMOTIVE UND SCHIENE 


Um eine bessere Adhasion von Lokomotiven zu erreichen wurden verschiedene Bedingungen 
fiir Kontakt zwischen Triebradern und Schiene untersucht. Eine Reihe messbarer Gréssen wurden 
bestimmt, namlich Form und Umfang der Kontaktflache, relative Bewegung oder ‘‘Kriechen”’ 
beim Rollen, sowie die Grenzwerte des Reibungskoeffizienten bei verschiedenen Normaldrucken, 
Raddurchmessern, Zugkraften usw. Die Ergebnisse wurden mit Berechnungen von HERTz, 
CARTER u.A. verglichen. Wenn méglich wurden die Messungen an wirklichen Radern und Schienen 
ausgefiihrt, andernfalls wurde das Problem an einem Modell nachgeahmt und zwar mit Material 
das unter Druckbelastung eine gréssere Formanderung besass. Auch der Einfluss des Verschleisses 
auf “‘Reifen’’ und Schienen wurde beriicksichtigt. Im allgemeinen stimmten gemessene und 
berechnete Werte redlich iiberein, jedoch kann anscheinend die Kontaktflache durch Rauhigkeit 
der beriithrenden Oberflachen vergréssert werden, ausserdem scheint beim ‘‘Kriechen’’ noch ein 
weiterer Faktor aufzutreten, der bei den bisherigen Berechnungen nicht beriicksichtigt wurde. 


The original purpose of railways was to transport goods from place to place with 
the minimum expenditure of labour and money, but nowadays the intensity of 
traffic requires loads of all kinds to be conveyed as rapidly as possible, and with 
high rates of acceleration and deceleration. Modern designs of locomotive have 
therefore high power-weight ratios, with corresponding facilities for braking, so that 
the traffic offering can be carried without undue delay over the lines available. 
For this reason it is often found that electrification is of great value for increasing 


* (Based on an opening address given to the Conference on Contact Stresses convened by the 


Institute of Physics in London, 1958.) 
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the capacity of crowded traffic routes owing to the greater power that can temporarily 
be provided by a given weight of equipment. 

The performance of any locomotive, whether steam, diesel, or electric can now 
be accurately forecast under any particular conditions of working, but its whole 
output, represented by the tractive effort exerted at the rim of the driving wheels, 
must be transmitted to the train through what is, in effect, a form of friction drive 
often working under very unfavourable conditions. Any failure of adhesion between 
the driving wheels and the rails will represent at best a reduction in the haulage 
capacity of the locomotive, or under severe conditions may even result in a failure of 
operation. With the greater power now available from modern electric locomotives 
this problem is becoming increasingly acute, and is consequently regarded as of 
major importance amongst the investigations at present being carried out by British 
Railways in connection with electrification. 

While this problem is being studied from a number of aspects, one natural line of 
approach has been a study of the contact between a locomotive driving wheel and 
the rail, in an attempt to understand the mechanism by which the tractive force is 
transmitted. Actual contact between a wheel and the rail occurs only over a very 
small area, usually measuring only a fraction of a square inch. These contacts not 
only support the weight of the locomotive, usually some Io tons per contact, but 
also transmit the tractive force which may amount to some 23 tons per contact. 
Since slipping is more likely to occur under wet conditions it follows that, even at 
these high pressures, some water must remain between the contact surfaces. While the 
surface of the wheel tyre is curved in the longitudinal direction, that of the rail is 
curved in the transverse direction. The contact may therefore be regarded as that 
between two surfaces relatively curved in each direction with or without a fine 
layer of water between them. 

In view of the high pressures involved and the difficulty of access it was impossible 
to study the problem directly by many of the means that would ordinarily be con- 
sidered. The approach has therefore been to study such external characteristics as 
could reasonably be measured, and to relate the conclusions to the corresponding 
results of theoretical analysis. 

The theoretical basis for the calculation of the conditions of contact between two 
curved bodies was originally published by HERTZ}. Hertz showed that the area 
of contact between such bodies pressed together was dependent upon the elastic 
properties of the materials and their effective curvature at the point of contact. 
In the case of an unworn tyre resting upon a new length of rail (Fig. 1), the undistort- 
ed surfaces may be regarded as those of two cylinders at right angles, the radius of 
the wheel R: providing all the curvature in the longitudinal direction, while the 
radius of the head of the rail Re represents the total curvature in the transverse direc- 
tion. Provided the rail is in contact with the tapered portion of the tyre the trans- 
verse radius of the tyre R’s is infinite, and the longitudinal radius of the rail is, of 
course, also infinite. The fact that the surface of the tyre is actually coned is compen- 
sated by the corresponding inclination of the rail, and it is clear from geometrical 
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considerations that the nature of the contact is independent of the lateral position 


of the wheel relative to the rail. 


Contact 
area 


Fig. 1. Diagram of contact area between wheel and rail (showing nomenclature). 


The essential features of the Hertzian method of calculation as applied to this 
problem are as follows: — Let the curvature of the wheel be represented by 24, 
and that of the head of the rail by 2B. The relationship between these two curvatures 
which are at right angles may be represented by an auxiliary angle 0 whose value is 
defined by 

B—A 
A+B 


cos § = 


The area of contact between these two bodies will be an ellipse, as shown in Fig. 1, 


the semi-axes of which are denoted by a longitudinally and 6 laterally, and these 
are calculated as follows 


\ Samet hit he 
a=>m 
“A+B 


=) Spee fa + he 
a +B 
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in which P represents the perpendicular load between the two bodies, and hi and ke 
are constants representing properties of the materials of the tyre and rail respectively, 
being determined by 


where E is the modulus of elasticity and o is Poisson’s ratio for the material concern- 
ed. m and n are constants depending only on the angle 6, but as these functions are 
rather difficult to calculate they have been tabulated by HERTZ1. The area of contact 
is, of course, the area of the ellipse whose semi-axes are respectively a and }, which 
is zab. 

It is thus seen that the dimensions of the area of contact should be proportional 
to the cube root of the applied load. The area of contact is also a function of the radius 
of the wheel, the effective radius of the head of the rail, and the materials of which 
the rail and tyre are composed. These last may be effectively represented by assuming 
that the value of the modulus of elasticity E for the steel of both the rail and the 
tyre is 13,400 tons per sq.in., and that Poisson’s ratio o for both materials is 0.3, 
so that the constants fi and ke have both the value 

I —o? I — 0.3? in.? 


Vigo = = = 2.16:10~° 
nE zm X 13,400 tons 


Hertz has also shown that, for the conditions described above, the distribution 
of pressure over the area of contact may be represented as a semi-ellipsoid construct- 
ed over this area. The maximum intensity of pressure is therefore at the centre, 
and has a value r} times the average value of pressure. It is interesting to observe 
that, owing to the increase of area with load, the intensity of pressure by no means 
increases in proportion to the load. 

As it seemed to be too difficult to make direct measurements of the intensity 
of pressure over the area of contact, it was decided to attempt first the measurement 
of the area of contact itself. The values obtained could then be compared with 
corresponding values calculated from the loads and dimensions involved, so that, 
if reasonable agreement could be obtained over a range of loads and wheel diameters, 
the validity of the Hertzian method of calculation would be established in this 
particular case. Moreover, since in this method, the calculation of the pressure 
distribution is intimately associated with that of the area of contact, success in 
relating actual and calculated values of contact area would afford reasonable jus- 
tification for assuming the validity of the same calculation for determining the dis- 
tribution of pressure. Agreement on these lines has been frequently obtained in the 
case of ball and roller bearings, where calculations of this sort are regularly employed, 
but in other cases it has been found? that, owing to the nature of the materials in- 
volved, the actual conditions of contact may differ from those calculated by the 
method of Hertz, though the general relationships of the quantities involved remained 
unimpaired. 
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It was first necessary to establish a reliable method of measuring the contact 
area between the tyre and the rail. This proved unexpectedly difficult and a number 
of alternative methods had to be rejected before success was obtained. The method 
ultimately adopted was the very simple one of raising the tyre from the rail and 
inserting thin sheets of carbon and ordinary paper between the points of contact. 
On lowering the tyre, the intense pressure compressed the paper and caused the 
carbon to be transferred to the ordinary paper over the area of contact so that, on 
removing the tyre, an accurate imprint of the contact was obtained on the carbon 
paper which could subsequently be measured. The obvious error introduced by the 
thickness of the papers themselves was examined by making measurements of one 
particular contact with papers of different thickness and relating the measurements 
obtained to the thickness of the papers. In this way it was established that the fine 
papers employed introduced only a small percentage of error. An advantage of this 
method of reproducing the contact areas was that the impressions obtained could 
be further reproduced for permanent record by direct photographic means. 

The first stage of the investigation was to obtain short lengths of new rail and tyre, 
to locate them appropriately in a hydraulic press, as indicated in Fig. 1, and to apply 
various values of vertical load, the area of contact being recorded for each value of 
load. These records were subsequently measured by planimeter, and the values of 
area so obtained are plotted in relation to the vertical load in Fig. 2. 


Contact area (sq. in.) 


fe) 1 2 ce 4 5 6 4 8 9 10 11 12 13 14 15 
Load (tons) 


Fig. 2. Measurements in hydraulic press. Conical tyre in contact with new and worn rail. Rela- 
tionship between contact area and load. Wheel diameter 49.75 inches. 


Unfortunately in service neither tyres nor rail can maintain their profiles exactly, 
and, as shown by DEARDEN?, the original radius of 12 in. at the head of a new rail is 
gradually reduced to 10 in. by a process of wear. The new rail was therefore replaced 
References p. 484 


VOL. 2 (1958/59) CONTACT BETWEEN WHEEL AND RAIL 473 


by a short length of worn rail taken from service and the experiment repeated, the 
corresponding observations also being plotted in Fig. 2. 

These measurements of contact area are compared in Fig. 2 with corresponding 
values calculated as described above, and it is seen at once that, while the theoretical 
relationship is clearly maintained, the actual values of area are greater than those 
calculated, a conclusion which is in line with the conclusions of BERNDT?. Examina- 
tion of the detailed dimensions revealed that this increase was shared more or less 
proportionately between the two principal axes in the case of the new rail, whereas 
that with the worn rail, even allowing for the change in curvature, was almost entirely 


due to increase in the major axis. 
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Fig. 3. Wheel-rail contact areas between worn tyre and worn rail. 


The case of worn tyre was somewhat more complicated because any departure 
of the tyre surface from the conical makes the area of contact dependent upon the 
lateral position of the tyre relative to the rail. A wheel having a worn tyre was there- 
fore placed in contact with a length of worn rail under a fixed value of load and a 
number of impressions were taken with the tyre in different lateral positions as 
indicated by the dimension d in Fig. I. Typical impressions so obtained for various 
values of d are shown in Fig. 3, in which it is seen that a narrow impression obtained 
in one extreme position gradually broadens until a wide but somewhat uneven 
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contact is obtained near the mid-position, but narrows again as the other extreme 
position is approached. As the lateral position of a wheel relative to the rail is rarely 
stationary in running, it follows that the area of contact and the imtensity of pressure 
are probably continuously varying while the train is in motion. 

It was next desired to repeat as much as possible of the preceding observations 
under actual working conditions, and this was done under the tyres of a wheel and 
axle assembly taken from a motor coach of the Liverpool St.—Shenfield electric 
stock, which was placed on a length of track at the Ilford Car Shed. Different values 
of load were obtained by taking impressions under the tyres of the wheels and axle 
alone, as part of the bogie, with the motors in position, and with the body resting on the 
bogies, the vertical force at the tread of the wheels being determined in each case 
from the known weights of the vehicle. Although some difficulty was caused by 
turning marks on the tyres, the measurements of area obtained, shown plotted against 
the load in Fig. 4, gave better agreement with the values calculated by the method 
of Hertz. 


) 
fe) 
~ 
fo) 


Contact area (sq. in. 


0 1 2 3 4 3 6 7 
Load (tons) 


Fig. 4. Measurements under wheel and axle assembly with different loads. Turned tyre in contact 
with new rail. Relationship between contact area and load (wheel diameter 42 in.). 


The next stage was to study the relationship between the area of contact and as 
wide as possible a range of wheel diameters. Normally, however, the range of wheel 
diameters carrying any appreciable load upon a railway is somewhat limited, so 
very large and very small wheels were sought to provide the required information. 
Fortunately a pair of nominally 8 ft. 6 in. wheels, believed now to be the largest 
existing, were available in the retired single-driver locomotive “Cornwall” (L.N.W.R. 
No. 3020) seen in Fig. 5, while a pair of 2 ft.6 in. wheels were to be found as trailing 
wheels of certain of the 0-4-2 tank locomotives, seen in Fig. 6, which are employed 
as shunting locomotives in Crewe works. This part of the investigation was there- 
fore carried out at Crewe, wheels of intermediate sizes being provided by locomotives 
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Fig. 5. Locomotive ‘‘Cornwall” (L. & N.W. R. no. 3020). Driving wheels 8 ft. 6 in. diameter, 
the largest wheels available for this investigation. 


eels 2 ft. 6 in. diameter, the smallest wheels 


Fig. 6. Crew Works shunting locomotive. Trailing wh 
available for this investigation. 


476 H. I. ANDREWS VOL. 2 (1958/59) 


: a Q r 4 ars slig’ 7 WO 
coming out of the works, some having freshly turned and others slightly worn 


tyres. 


Slightly worn tyre Freshly turned tyre 


Flange 


Flange 


2 ft. 6 in, diam. 4 ft 4} in. diam. 


4.05 Tons 4.80 Tons 


Flange 


Flange 


8 ft. 44 in. diam, 6 ft. 2} in. diam. 


5.25 Tons 9.50 Tons 


Fig. 7. Wheel-rail contact areas. 


Typical impressions of contact area obtained in this manner are shown in Fig. 7, 
in which it is clear that the marking of the freshly turned tyres has a broadening 
effect upon the contact area, presumably with corresponding reduction in average 
intensity of pressure. The areas of contact are therefore better compared by the 
measurement of the longitudinal semi-axis a, and these values, corrected to a value 
of wheel load of 7 tons, are shown in Fig. 8. The general relationships between the 
dimensions measured and the wheel diameter are again in agreement with that cal- 
culated by the method of Hertz, though, as before, the values are somewhat higher, 
an effect that is further increased when the tyres are freshly turned. A corresponding 
plotting of values of the transverse semi-axis ) showed that the broadening effect, 
and consequently the increase in area, increases rapidly with increase in diameter of 
the wheel. 

The conclusions drawn from these observations were therefore that with new tyre 
and new rail the measured areas of contact generally agreed with, but were somewhat 
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Fig. 8. Measurements with variable wheel diameter. Slightly worn or freshly turned tyre in con- 
tact with new rail. Relationship between longitudinal semi-axis a (corrected for 7 tons wheel load) 
and wheel diameter. 


(e) 10 20 30 40 50 60 70 80 90 100 
Wheel diameter (in.) 


greater than the corresponding values calculated by the method of Hertz. It may 
therefore be presumed that the distribution of pressure over this area is also as 
forecast by Hertz, but of slightly less value. Wear of the rail increases the intensity 
of pressure as the contact area is reduced due to the increased curvature of the rail 
surface, whereas wear of the tyre may reduce the pressure and increase the area of 
contact, but this is dependent upon the lateral position of the tyre relative to the 
rail. The parallel between the increase of contact area produced by the markings of 
newly turned tyres and the increase in area over the theoretical value which has been 
consistently noted throughout these observations suggests that the latter is at least 
partly due to irregularities in the contacting surfaces of the same nature as, but much 
smaller than, the turning marks. When the wheel rolls on the rail the record of the 
area of contact is extended, as shown in Fig. 9, which corresponds with the tread 
markings observed on the heads of rails in service. 


Flange 


Fig. 9. Contact surface of rolling wheel. Worn tyre and new rail. Wheel load 1.35 tons. 


The next step was to consider the contact after the application of tractive effort 
to the wheel. This problem has been studied analytically by Mrnpiin4, PorITSKy®, 
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and JoHNSON®, who give expressions for determining the stresses at the contacting 
surfaces. Each of these found that the contact area was slightly displaced in the 
direction of the tractive force, but without appreciable change of shape. In practice, 
however, it was found to be extremely difficult to obtain experimental corroboration 
of these analyses since with normal railway materials the displacements produced 
were very small in relation to the other dimensions. Measurement of the contact area 
was no longer practicable by the methods described above, while the area involved 
was too great for measurement by the electrical methods used in the case of small 
electrical contacts. 


Fig. 10. Wheel-rail model. 


As it did not seem possible to attack this problem directly, it was decided instead 
to construct a model in some elastic material in which comparatively large deflections 
could be produced by moderate values of force, and to study its behaviour under 
different values of load and tractive effort. This model, seen in Fig. 10, simulated the 
problem in the form of plane stress, the tyre of the wheel and the head of the rail 
being represented by shaped pieces of expanded polyurethane rubber having a very 
low modulus of elasticity. On test this material was found to give linear displacement 
in response to stress within reasonable limits. The wheel could be caused to roll 
along the rail by moving the lower carriage, and any desired value of load could be 
produced by adjusting the height of the carriage containing the ‘‘axle’’ bearings, the 
relation between height and load being determined in a preliminary test. Tractive effort 
could be applied to the wheel in either direction by placing weights in the scale pan, 
the string from which was wound in the appropriate direction round a drum immedi- 
ately behind the wheel. The wheel was of 6.88 in. diameter, both wheel and rail having 
a width of 0.48 in., and the side surfaces were graduated for measurement. 

The wheel was first applied to the stationary rail with different values of load and 
the corresponding lengths ot the contact surface were measured. These lengths of 
References p. 484 


VOL. 2 (1958/59) CONTACT BETWEEN WHEEL AND RAIL 479 


contact were plotted against the values of the applied load and compared with corre- 
sponding values calculated from the properties of the material, when it was found 
that the relationships were similar but the actual values exceeded the theoretical 
values in much the same ratio as with the actual tyres and rail. The experiment 
was then repeated with different values of tractive effort applied to the wheel, but 
only negligible change of contact length was produced. 

This latter experiment was then repeated with the difference that, after each applhi- 
cation of load and tractive effort, the wheel was rolled a short distance along the rail 
and the observations made at some other position. In these circumstances the length 
of the contact surface was found to be reduced by a small amount roughly propor- 
tional to the tractive effort, reaching some 4°% of the total length immediately before 
slipping at a moderately high value of load. The coefficient of adhesion at which 
slipping occurred, which was determined separately, appeared to decrease with in- 
crease of load, varying from over unity when the surfaces were pressed lightly 
together to about 0.8 at comparatively high loads. 

When tractive effort is applied to a loaded wheel rolling along a rail, the deformation 
of the materials in the neighbourhood of the point of contact results in the wheel 
rotating a greater amount than would correspond geometrically with the distance 
travelled. This is known as creep, and is usually defined as the ratio of the difference 
between the two motions and the distance travelled. Creep is a function of both 
load and tractive effort, and has been investigated mathematically by CARTER’, who 
reached the conclusion that the value of creep for similar elastic materials could be 


expressed in the form 
u / 8P(1—o)R / ig 
I I 
ole aG ( uP 


where T is the tractive force at the rim of the wheel with the radius X, P the vertical 


load, w the limiting value of the coefficient of friction, o is Poisson’s ratio and G 
the modulus of rigidity of the materials. This expression has been later confirmed by 
PORITSKY®. 

CarTER also pointed out that the material of the tyre is stretched, and that of 
the rail compressed, immediately before contact, and claimed that after contact the 
two surfaces are locked together until the shear force between them is sufficient 
to overcome the friction, after which slipping occurs. Thus the area of contact 
comprises a forward area over which the two surfaces are rigidly held together, and 
a rearward area over which slipping is constantly taking place while the wheel is 
in motion. 

According to the above expression there should be no creep when no tractive 
effort is applied, so measurements were next made on the model to discover whether 
any creep occurred during free rolling of the loaded wheel. The wheel was moved 
down to represent various values of load, and then rolled a given distance along the 
rail in each direction in turn, the relative positions of the marking on the tyre and 
rail being noted at the end of each movement. It was found that there was a definite 
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rate of creep, in each case in the opposite direction to the motion, and this was 
related to the value of the load. Since there was some vertical deflection of the tyre 
at the point of contact it was at first supposed that this creep might be due to re- 
duction of effective wheel radius, and values of creep were calculated in this way 
for different values of load. Fig. 11 shows the measurements obtained in relation to 
the load, together with the calculated values, and it is seen that, while there was an 
appreciable amount of creep without application of tractive effort, which may be 
called “geometric” creep, this was not as great as would have been expected from 
the deflection of the wheel rim at the contact. 
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Fig. 11. Creep measured at rim of wheel when running freely (geometric creep). Creep is in each 
case in the opposite direction to motion. 


The preceding experiment was then repeated with the application of various 
values of tractive effort for each value of load. As it appeared that the creep due 
to tractive force, or “‘torque” creep, was additional to the ‘‘geometric’’ creep, the 
values measured were first corrected for the “geometric” value of creep correspond- 
ing to the load, when it was found that the remaining “torque” creep was a func- 
tion of both load and tractive effort. This ‘‘torque’”’ creep was always in the direc- 
tion of the tractive force at the rim of the wheel, but had alternative values depending 
upon whether the tractive force was in the positive or negative direction in relation 
to the movement, that is, whether the wheel was “driving’’ or ‘braking’. The 
values of creep so determined with the tractive force in the positive direction are 
shown in relation to tractive effort in Fig. 12, and in relation to load in Fig. 13. 
Typical values of creep, measured at various values of vertical load, with the tractive 
effort in the positive and negative directions, are compared in Fig. 14. 
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Fig. 12. Creep at rim of wheel due to tractive effort for different values of vertical load (additional 
to ‘‘geometric’’ creep). Creep is in each case in direction of tractive effort at rim of wheel. 
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Fig. 13. Creep at rim of wheel due to tractive effort. Relationship between creep and load for 
different values of tractive force (additional to ‘‘geometric’’ creep). Creep is in each case in direc- 
tion of tractive effort at rim of wheel. 


The nature of the expanded rubber employed in these experiments was such 
that it was impossible to make direct comparison with actual conditions involving 
a steel tyre and rail, but the indications obtained from the model are so definite that 
they may be regarded as pointers for subsequent investigation under actual conditions, 
or, in certain cases, may offer explanations of facts already observed. The existence 
of “geometric creep” was unexpected, not having been forecast theoretically. It is, 
of course, possible that this factor may also be a property of the material employed, 
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Fig.14. Comparison of creep at rim of wheel due to positive and negative tractive effort (addi- 
tional to “‘geometric’’ creep). Creep is in each case in direction of tractive effort at rim of wheel. 


and may be due to hysteresis. Nevertheless it is now desirable that such a factor 
should be looked for when observations are made under actual conditions. 

The results obtained, Figs. 12, 13 and 14, are of the form forecast by CARTER, 
but are not in numerical agreement with his method of calculation. An interesting 
mathematical suggestion in this connection has been made by Mr. C. STOREY. 
In any given conditions of working there exists, according to CARTER, a direct rela- 
tionship between tractive force and creep. Thus for any value of “‘geometric”’ creep 
there may be postulated a hypothetical value of tractive force which would produce 
a corresponding result. If then, instead of adding the values of ‘“‘geometric’’ and 
“torque”’ creep, their corresponding values of tractive force are added and the value 
of creep recalculated, much closer agreement can be obtained between the calculated 
and actual values. At present it is difficult to understand the significance of this 
hypothetical tractive force, but probably the real inference to be drawn is that, while 
there is obviously agreement in principle between the work of CARTER and the actual 
observations, there must be some factor which occurs in free rolling which has been 
omitted from the calculation. 

Finally it was decided to measure the limiting coefficient of adhesion of locomotive 
driving wheels in running to see whether there was any variation of adhesion with 
speed. This was done on one driving axle of an electric locomotive, the circuit of 
which was rearranged so that the motors of the other axles were disconnected, and 
tractive force could be gradually applied to one axle only. Slipping of the test axle 
was indicated by a differential slip indicator showing the difference in movement 
between the driven and one of the undriven axles. This locomotive was hauled by 
another locomotive, and was attached to the British Railways Mobile Testing Plant 
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by means of which constant speed could be maintained independently of the tractive 
force produced. 

By running the train at various values of constant speed and gradually increasing 
the tractive force applied to the test axle until slipping of the wheels occurred, the 
limiting value of tractive force could be observed for each value of speed. The values 
so obtained were rather spread and were obviously dependent upon the amount of 
moisture present on the upper surface of the rails. The values for completely dry 
and completely wet rail were therefore segregated and average values obtained for 
each speed, as shown in Fig. 15. It is seen from these results that there is a definite 
reduction in the limiting value of tractive force at the wheel contact with speed, and 
that, while the limiting values of force are greatly affected by the presence of mois- 
ture at the contact, the rate of reduction with speed is but little affected. It is, of 
course, probable that the contact is influenced by vibration or transient changes of 
load that will be increasingly experienced with increase of speed. 
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Fig.15. Average value of adhesion on wet and dry rails measured on one axle of locomotive no. 
26034 at constant speed. 


While the observations described represent only an introduction to the study of 
wheel_rail contacts, there are certain conclusions which may be drawn that will be of 
assistance in further investigation. 

In the first place the area and dimensions of the contact between new or slightly 
worn wheel and rail are roughly in accordance with the calculations of HERTZ except 
that, for some reason, the area is usually a little larger than expected and the stress 
correspondingly reduced. The distribution of load over the contact area is presum- 
ably ellipsoidal as represented by HERTZ. 

The nature of the contact at the wheel tread is seriously affected by slight rough- 
ness of the contacting surfaces, the areas of contact being almost doubled in the 
case of freshly turned tyre. Since perfection of finish cannot be expected in either 
tyre or rail surfaces this probably at least partially explains the increase in contact 
area normally observed. 
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The impression of a wheel upon a rail produces such deflection of the materials 
that some measure of creep occurs even when no tractive force is applied to the wheel. 
When tractive force is applied there is additional creep produced at the wheel 
tread in accordance with the theory of CARTER, but it seems that some factor associated 

‘with free rolling has been neglected in his calculation. The attention of mathemati- 
cians is drawn to this conclusion in the hope that a fuller analysis of this problem 
may be forthcoming. 

In the case of a worn tyre the area of contact, and consequently the distribution 
of load, is greatly affected by the lateral position of the wheel relative to the rail. 
This may well be a factor of consequence in the study of the riding of bogies. 

Since the limiting coefficient of adhesion is so greatly reduced by the presence 
of water, it is clear that some amount of moisture must remain between the contact 
surfaces even under pressures of the order of 50 tons per sq. in. Understanding of 
the nature and action of whatever film of moisture is able to exist under these 
circumstances would undoubtedly be of great help in dealing with the problems of 
rail adhesion with which railways are now faced. 
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Authors’ Abstracts 


Considerations on the Fundamentals of Wear Processes 


L. RozEANu AND O. PREOTESCU — Studii si cercetari de mecanica aplicata, 9 (1) (1958) 
pp. 169-185; (in Rumanian), (ro fig.; Io ref.). 

Every wear process implies an energy input and an energy balance of the type 

nue ve et ae 
oe 
where mu is the energetic efficiency of the wear process, A is the mechanical equi- 
valent of heat, o is the free energy of newly formed surfaces, Q is the heat generated, 
V is the volume of worn material, and @ is a coefficient, with the dimension of length, 
having the significance of V/S, where S is the area of newly formed surfaces. 

This expression states in a simple way the relation between the nature of the 
material (c), the intensity of the wear process (a) and the nature of the wear process 
(Q/V). 

As regards the nature of the wear process, retaining — for the moment — the three 
fundamental forms of wear (contact, mechanical, chemical) for usual intensities, we 
can arrive at the following relative values: contact wear Q/V ~ 10%, chemical wear: 
Q/V ~ 107, mechanical wear Q/V ~\ 108. 

Every type of wear is influenced in a particular way by the local conditions and 
this influence is clearly shown by the variation of a. Sometimes, there is a change 
from one type of wear to another and then Q/V is greatly modified. 

This new way of expressing the wear is particularly useful for evaluating the 
oiliness of a system and for comparing the relative merits of various testing machines 
and testing methods. 


A Qualitative Separation of Wear Factors 


L. RozEANU AND O. PrEoTEscu — Rev. mécan. appl., 2 (1) (1957) II5-127; (in 
English), (10 fig.; 12 ref.). 

The paper contains a qualitative, general analysis of wear mechanisms and wear 
factors. The following conclusions are drawn. 

By over-simplification it is possible to separate four fundamental types of wear, 
due respectively to adhesion, abrasion, corrosion and fatigue. Adhesive wear, although 
practically inevitable, seems to be far less dangerous under normal running conditions 
than is predicted by theory. Abrasive wear must be considered a severe accidental 
type of wear which can be partially controlled and almost completely eliminated. 
Corrosive wear is a most acute form of wear, but by careful treatment the corrosion 
may prove to be an important auxiliary in the fight against wear. Fatigue wear is an 
inevitable and steadily growing type of wear. It cannot be eliminated but can be 
partially reduced. It is an undesirable form of wear under any conditions. 
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The time factor was used to define three chronological sets of conditions of wear: 
initial (running-in), normal (useful life) and final(run-out machines). The running-in 
seems to be a complement of production technology for correcting local faults under 
conditions which easily promote damage. No smoothing of the entire friction surface 
is likely to take place. 

Normal conditions are those resulting from the complex action of statistically 
normal factors in the process of friction. Final conditions are those in which delete- 
rious factors appear in a well developed state, after having exercised an invisible 
activity in the two foregoing phases of wear conditions. 


Considerations about Wear of Friction Parts During Running-in 


L. RozEANU AND O. PREOTESCU — Studii si cercetari de mecanica aplicata, 8 (1) (1957) 
85-109; (in Rumanian), (19 fig.; 8 ref.). 

It is a common belief that running-in means smoothing of working surfaces. 

The experimental findings are not in agreement with this belief and theoretically 
it is shown that by a 1/3 reduction of the centre-line average value of the asperities 
heights, the increase of the metal content in the oil would be hardly noticeable by 
current analytical procedures. 

At the same time, we usually find dimensional losses where by weight no differ- 
ence is noticed and vice-versa. 

This shows that running-in means rather a technological process for correcting 
those faults that have escaped quality control or those that are imposed by actual 
production necessities. 


The Standardization of Wear Tests 


L. RozEANv — Standardizarea, rr (1) (1959); (in Rumanian). 

As is well known, wear is the visible result of a great number of factors acting by 
quite different mechanisms. 

While the number of mechanisms is limited to four fundamental types, the number 
of intervening factors is very large indeed, and their intensity varies in a still 
larger range. 

Nevertheless, tor the intensities of any factor the following classification can be 
made: 

— possible intensities due to the surroundings; 

— probable intensities connected with the actual stage of the industrial develop- 

ment or the operating range; 

— critical intensity which marks the beginning of catastrophic wear or of any 

wear at all. 

When discussing wear or testing for wear, we must choose the conditions so that 


the amount of wear is significant. The study of critical intensities must precede any 
testing procedure. 
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Tool Wear and Machinability 
E. M. Trent (Hard Metal Tools Ltd., Coventry) — J. Inst. Production Engrs., 38 
1959; (27 pp., 36 fig., 16 ref.). 

The study of worn cemented carbide tools with the aid of the microscope has shown 
the main types of wear, and factors affecting wear, including flank wear, the built-up 
edge, cratering, deformation, mechanical chipping and thermal cracking. The first 
four of these wear factors have been studied separately and their occurrence over a 
wide range of conditions on a number of ferrous materials has been investigated by a 
series of short time cutting tests. The results have been presented in the form of 
machining charts, in which cutting speed and feed rate are the co-ordinates to 
logarithmic scales and the occurrence of build-up, cratering and deformation is plotted. 
The value of such charts in summarising and ordering a large amount of information 
on tool wear and machinability has been demonstrated. An important aspect of 
machinability, the range of speed and feed over which normal flank or clearance face wear 
is the predominant form of wear and which could be called “the most useful cutting 
range’, is particularly clearly shown on these charts. These can supplement existing 
information on rates of flank wear. 

The flank wear occurring in short time cutting tests has also been studied. Two 
factors having great influence on the rate of wear appeared to be chemical composition 
of the work material and tool material and the presence of a built-up edge on the tool. 

As regards chemical composition of the work material, the element having the 
greatest effect was sulphur which was present in the form of manganese sulphide and 
greatly reduced the rate of flank wear. The elements chromium and nickel played a 
relatively small part unless nickel was present in sufficient quantities to give an 
austenitic structure, when the rate of wear increased greatly. 

It is possible for the alloying elements introduced into steel to exercise a direct 
effect on the rate of tool wear by forming compounds which act as abrasives or as 
lubricants between the tool and the work material. 

There is, however, another and probably more important way in which alloying 
elements can exert an indirect influence on tool wear and machinability. 

Micro-examination of sections through the built-up edge has suggested the process 
by which this may protect the tool surfaces from wear. The complete absence of tool 
wear under some conditions suggests that, under these conditions the flow is entirely 
within the metal being cut, the layer of metal in contact with the tool surface being 
stationary. Under other conditions the metal in contact with the surface is stationary 
on part of the interface and in motion over the remainder. It is concluded from this 
that the nominal surface velocity of the work material relative to the tool may bear no 
velation to the true velocity at the interface on the vake or flank surfaces. 

There is a complex pattern of flow around the cutting edge, changing with the 
cutting conditions. The types and rates of wear depend on the details of this flow 
pattern. It seems probable therefore, that elements such as sulphur and nickel exert 
their greatest effect by altering this flow pattern, nickel by forming austenite and 
sulphur by forming manganese sulphide acting largely as an ‘¢nternal lubricant” in 
the steel. 
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Superimposed on the flow pattern and related to it is a pattern of steep thermal 
gradients. Until more is known of the complex patterns of flow and temperature in 
the work material near the cutting edge, it is unlikely that it will be possible to account 
for the observed rates of wear in terms of the properties of work material and tool and 
the measured cutting forces. 


Evaluation of Dry Powdered Lubricants at 1000°F in a Modified Four-ball Wear Machine 
S. L. CosGRovE, L. B. SIBLEY AND C. M. ALLEN (Battelle Memorial Institute, Columbus, 
Ohio) — ASLE Preprint 59 AM 1A-t. 

The development of advanced aircraft systems has introduced new problems in 
lubrication. There has been some success with certain solid lubricating compounds in 
high-temperature sliding experiments and in bearings reported by PETERSON AND 
Jounson!, GLAESER, ALLEN, AND GOLDTHWAITE2, and others *-1°,. Thus, it seemed 
desirable to explore the possibilities of lubrication by solids at elevated temperatures. 

The criteria used in the selection of wear-resistant materials for this study were hot 
hardness, oxidation resistance, and resistance to thermal and mechanical shock. It 
is felt that these properties are most important for high-temperature components such 
as bearings and gears. 

The prospective solid lubrication compounds were evaluated at rooo°F for their 
over-all friction and wear behavior in a modified four-ball machine. 


General performance of materials 


Under the conditions of the initial series of lubricant evaluations in the four-ball 
apparatus, using the cobalt-base alloy, only two lubricants—lead oxide and metal-free 
phthalocyanine—exhibited relatively low wear (less than r-mm scar diameters). 
The friction was moderate with lead oxide (coefficient af about 0.15), while metal-free 
phthalocyanine exhibited a low initial coefficient of friction (0.06) but a higher over-all 
friction (coefficients up to 0.3). Molybdenum disulfide lubricated the cobalt alloy 
with a low initial friction that lasted longer but the wear was much more drastic 
(2.5-mm scar diameter) than would be expected even though this experiment was 
operated over twice as long as the experiments with the other lubricants. Of course, 
the lubricants that exhibited poor friction and wear behavior with the cobalt-base 
alloy in the initial evaluations may have done better with some other wear-resistant 
materials. However, the preliminary research seemed to demonstrate that these three 
lubricants—metal-free phthalocyanine, lead oxide (litharge), and molybdenum disul- 
fide—had enough potential lubricating ability to be chosen for further study. 

Under conditions of lubricant replenishment and higher sliding speed, and with four 
wear-resistant materials, metal-free phthalocyanine showed lower initial coefficients 
of friction than either molybdenum disulfide or lead oxide. However, equilibrium 
friction coefficients were lower, in several other cases, notably with lead oxide as a 
lubricant. With AISI Type 440 C stainless steel, the iron-base alloy, and the cermet 
material, metal-free phthalocyanine gave the lowest wear. With the cermet, particu- 
larly small (0.62) wear scars were observed. With the tool steel both molybdenum 
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disulfide and lead oxide gave appreciably smaller wear scars than did metal-free 
phthalocyanine. 

The results of this preliminary study indicate that satisfactory lubrication of rub- 
bing surfaces at 1000°F may be obtained with low friction and wear by the appropri- 
ate application of certain solid lubricating compounds. However, further development 
of prospective lubricant pretreatment and replenishing techniques is required before 
specific lubrication systems can be recommended. 


1 M. B. PETERSON AND R. L. JoHNson, Friction studies of graphite and mixtures of graphite 
with several metallic oxides and salts at temperatures to 1000°F, NACA Technical Note 
6357 (February, 1956). 

2 W. A. GiaEsER, C. M. ALLEN AND W. H. GoLptHwalirTE, The development of oscillatory plain 
bearings and lubricants for airframe applications in the temperature range —90°F to 1500°F, 
Interim Report from Battelle Memorial Institute to Wright Aiy Development Center on Contract 
AF 33(600)-31992, BP SN6-(I-1315)-13421 (January 30, 1957). 

3 E. E. Bisson, R. L. JOHNSON AND W. J. ANDERSON, On friction and lubrication at temperatures 
to 1000°F with particular reference to graphite, ASME Paper 57-Lub-1, ASLE-ASME Lubrica- 
tion Conference, October, 1957. 

4 B.C. Strupp, Molybdenum disulfide and related solid lubricants, ASLE Paper 574 M-5C-2 
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The Causes and the Control of Electrical Currents in Bearings 

J. Boyp anp H. N. KauFMAN (Westinghouse Research Laboratories, Churchill 
Borough, Pittsburgh 35, Pa.) — Lubrication Eng., 15 (1959) 28-35; (11 fig., I table, 
iiret.). 

When bearings become damaged in service, the question often arises as to whether 
the damage was due to electrical current. The damage caused by electrical currents 
may be negligible or may be catastrophic. Such currents may occur from several 
sources: (1) A bearing may carry current as a necessary part of an electrical circuit ; 
(2) the current may be self-induced as a result of the design characteristics of the 
machine, or (3) the current may result from an electrostatic phenomenon. This article 
describes the various sources of electrical current, the damage resulting from such 
currents, and the methods by which the damage may be reduced or eliminated. 
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Systematic Abstracts of Current Literature 


a ——— 


Selected from Battelle Technical Review 1959 and from other sources 


I. DEFORMATION AND FRACTURE 


1.1. Fracture 


Etat actuel du probléme de la rupture fragile. 
Present State of the Brittle Fracture Problem. 
G. M. Boyd. Revue de la Soudure, v. 14, no. 4, 
1958, p. 175-187. 

Study of one of the causes of the ruptures of 
mild steel structures, due to fatigue, or fatigue 
and corrosion. Characteristics of brittle frac- 
tures, inception, effects of temperature, re- 
lationship between strength and resistance, 
welding and protection. 


A Review of Intergranular Fracture Pro- 
cesses in Creep. 

P. W. Davies and J. P. Dennison. Institute of 
Metals, Journal, v. 87, pt. 4, Dec. 1958, 
p. 119-125. 

Slow deformation of metals at elevated tem- 
peratures is known to lead to the develop- 
ment of intergranular cracks. Both qualitative 
and quantitative aspects of the theories re- 
lating to such internal fissuring are reviewed, 
and it is shown that different processes be- 
come operative according to the prevailing 
conditions of stress and temperature. 


The Markings on Fracture Surfaces. 
Eugene F. Poncelet. Society of Glass Technolo- 
gy, Journal, v. 42, Dec. 1958, p. 279T-288T + 
8 plates. 

Fracture surfaces on glasses exhibit charac- 
teristic marking which can be interpreted in 
terms of the author’s theory of propagation 
of fracture; this theory is summarized briefly 
and is illustrated by a collection of photo- 
graphs of various forms of fracture surfaces. 


On the Strength of Classical Fibres and Fibre 
Bundles. 

B. D. Coleman. Journal of the Mechanics and 
Physics of Solids, v. 7, no. 1, Nov. 1958, 
p. 60-70. 

Discusses tensile strength distributions for 
fibres whose strength is independent of the 
rate of loading. Reasons are presented for ex- 
pecting that the tensile strength should obey 
the Weibull distribution. The statistical theo- 
ry of the strength of bundles of these fibres, 
as developed by Daniels, is applied to infinite 
bundles composed of fibres which obey the 
Weibull distribution. It is found that the ratio 


of the tensile strength (units of force at break 
per initial unit area) of a bundle to the mean 
tensile strength of the constituent filaments 
decreases monotonically with increasing dis- 
persion in the strength of the constituent 
filaments. 


1.2. Fatigue 


Internal Stresses and Fatigue in Metals.* 
A.M. Freudenthal. Physics Today, v. 12, Feb. 
1959, p. 16-19. 

A symposium on Internal Stresses and Fatigue 
in Metals was held Sept. 3-5, 1958, at the 
General Motors Research Laboratories. In- 
vited papers were presented by research work- 
ers in solid-state physics, metal physics, and 
engineering from England, France, Germany, 
and the United States. The singular feature of 
the conference is the attempt to clarify some 
of the basic aspects of the two phenomena by 
considering them in the hght of concepts of 
solid-state physics or physical metallurgy 
rather than in empirical engineering terms 
alone, and thus to promote a deeper under- 
standing of the interaction of the phenomena 
by the ‘‘interaction’’ of their metal physics 
and engineering aspects. It is surprising to 
note how rapidly, through this interaction, 
the extensive progress in metal physics has 
transformed the engineer’s approach to the 
properties of the materials he uses, and has 
provided him with the beginning of that 
“sense of structure’? which Cyril Smith con- 
siders to be the characteristic mark of the 
modern approach to the mechanics of mate- 
rials, as distinct from the conventional or 
“‘classical’’ approach based on the mechanics 
of the solid isotropic continuum. 


Some Quantitative Information obtained 
from the Examination of Fatigue Fracture 
Surfaces. 

D. A. Ryder. Royal Aircraft Establishment 
(Gt. Brit.) September 1958. 6 pp., diagrs., 
photos. (Ask for N-69106) 

Examination of the fracture of a programmed 
fatigue specimen has demonstrated that the 


* The Proceedings of this symposium, edited by G. M. 
Rassweiler and W. L. Grube, have been published by 
Elsevier Publishing Co, Amsterdam, 1959, 451 pp., 280 fig., 
g tables. 
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characteristic striations first observed by 
Zapffe and Worden are each associated with 
a single cycle of stress. Quantitative micros- 
copy on the fractures of a series of Rolls 
Royce fatigue specimens showed the mean 
spacing of the striations to be increased by 
increase of fatigue stress. The second part of 
the paper deals with the examination of a 
fracture from a programmed fatigue test on 
a large bolted joint. From measurements of 
the distance between progression markings, 
the crack propagation rates in two fatigue 
areas were plotted. The results demonstrated 
that cracks were propagating in this specimen 
very early in its fatigue life. It is thought that 
the early propagation of cracks in this speci- 
men was due to the severe fretting damage 
that occurred during the test. 


Some Corrosion Fatigue Observations on 
High Purity Aluminum-Zinc-Magnesium 
Alloy and Commercial DTD 683. 

C. A. Stubbington and P. J. E. Forsyth. 
Royal Aircraft Establishment (Gt. Brit.) May 
1958. 15 pp., diagrs., photo’s., tabs. (Ask for 
N-66304) 

Rolls Royce rotating cantilever air and corro- 
sion fatigue tests have been made on the 
above materials which have been aged for 
various times. These results are compared 
with special reference to the form of fracture 
and microstructure. A mechanism for corro- 
sion fatigue in these alloys is discussed. 


Effect of Lubricant Viscosity and Type on 
Ball Fatigue Life. 

William J. Anderson and Thomas L. Carter. 
ASLE Transactions, v. 1, no. 2, Oct. 1958, 
p. 266-272. 
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Four paraffinic mineral oils with viscosities 
of 5 to 113 centistokes at the roo°F test 
temperature were used. Longer life was ob- 
tained with more viscous oil, life varying 
approximately as the 0.2 power of lubricant 
viscosity. In investigation of methyl silicone, 
a paraffinic mineral oil, a sebacate, a water 
base glycol, and an adipate were used. Each 
had a viscosity of about 10 centistokes at the 
1oo°F test temperature. The 10% life was 
about 40 times as great with the silicone as 
with the adipate. 


Fatigue of a Nut and Bolt. 

P. B. Walker. Royal Aircraft Establishment 
(Gt. Brit.) June 1958. 22 pp., diagrs. RAE 
Structures 238. (Ask for N-66130) 

The factors that adversely affect the fatigue 
life of a tension bolt are analysed. The aim is 
to produce a comprehensive picture, derived 
as far as possible from fundamental principles 
and showing the various factors in relation 
to each other. Both external loading and the 
internal stress pattern are considered. The 
effects of plastic deformation and of control- 
led pretensioning are also brought into the 
general picture as complicating factors, 
though usually beneficial. 


Improve Fatigue Strength With Abrasive 
Tumbling. 

Iron Age, v. 183, no. 8, Feb. 19, 1959, p. 129- 
[3r. 

Sponsored by the Abrasive Grain Association, 
the test program proves the usefulness of 
tumbling in attaining better fatigue strength. 


2. FRICTION 


2.1. Miscellaneous 


The Viscosity Wedge. 

A. Cameron. ASLE Transactions, v. 1, no. 2, 
Oct. 1958, p. 248-253. 

Equations are set up and solved numerically 
giving coefficients for oil film thickness and 
friction. Thickness is comparable (three 
quarters) of that carried by Michell pads. 
Computed results are applied to a parallel 
surface thrust bearing described by Fogg and 
shown to give tolerable agreement with ex- 
perimental findings. 


Plane Sliders of Finite Width. 

Donald F. Hays. ASLE Transactions, v. I, 
no. 2, Oct. 1958, p. 233-240. 

Illustrates the manner by which the separa- 
tion of variables in Reynolds’ equation may 
be effected, completes the solution of the re- 
sulting eigenvalue problem, and shows the 
formulation of the expressions for load capa- 
city, frictional resistance, center of pressure, 


coefficient of friction, and rates of flow. 
Typical pressure hills are shown as well as 
approximate flow patterns throughout the 
slider area. 


2.2. Tive-to-surface 


Reibung von Gummi. 

Friction of Rubber. 

Eric Gough. Kautschuk und Gummi, v. 11, 
Nov: 1958, p. W1303-W1T312. 

Reasons for using rubber in structural ele- 
ments and power transmission. Frictional 
properties. Skidding at low speeds. The use 
of belts and disks. Transmission of traction 
and brake pressure through tires. Cornering. 
Friction laws. Comparison between rubber 
and metal friction. 


Tire-to-Surface Friction especially under 
Wet Conditions. 

Richard H. Sawyer, Sidney A. Batterson, and 
Eziaslav N. Harrin. NASA Memorandum 2- 
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23-59L, March 1959. 13 pp., diagrs., photos. 
Results of the tire-to-surface friction meas- 
urements in braking on runways under var- 
ious surface conditions are presented and 
compared for a C-123B airplane and a friction 
cart. Comparisons of wet-surface friction stu- 
dies with a 12-inch-diameter tire, an auto- 
mobile tire, and an extra-high-pressure air- 
craft tire are also given. 


Low Tire Friction and Cornering Forces on 
a Wet Surface. 

Eziaslav N. Harrin. NACA TN 4406, Sep- 
tember 1958. 27 pp., diagrs., photos. 

An investigation was made by the National 
Advisory Committee for Aeronautics to study 
typical tire behavior on wet runways. A 
specially constructed tire treadmill served as 
a tire test vehicle whereas force measurements 
were made by means of a straingage balance. 
Values of maximum braking, full-skid braking, 
and rolling friction coefficients were obtained 
at yaw angles of 0° and 4° while operating 
two tire types (smooth and diamond treaded) 
in water depths from 0.02 to 0.09 inch and at 
speeds up to 94 feet per second including tire 
planing. Cornering-force coefficients were 
measured at the free-roll and maximum 
braking conditions. 


Study of Taxiing Problems Associated with 
Runway Roughness. 

Benjamin Milwitzky. NASA Memorandum 
2-21-59L, March 1959. 12 pp., diagrs. 

This paper briefly summarizes available sta- 
tistical data on airplane taxi operations, ex- 
amines the profiles and power spectra of four 
selected runways and taxiways covering a 
wide range of surface roughness, considers 
(on the basis of theoretical and experimental 
results) the loads resulting from taxiing on 
such runways over a range of speeds and, by 
synthesis of the aforementioned results, pro- 
poses new criteria for runway and taxiway 
smoothness which are applicable to new con- 
struction and may also be used as a guide for 
determining when repairs are necessary. 


Investigation of the Maximum Spin-up 
Coefficients of Friction obtained during 
Tests of a Landing Gear having a Static-Load 
Rating of 20,000 Pounds. 

Sidney A. Batterson. NASA Memorandum 
r2-20-58L, January 1959. 24 pp. diagrs., 
photos., tab. 

An experimental investigation was made at 
the Langley landing loads track to obtain 
data on the maximum wheel spin-up coeffi- 
cients of friction developed during landing. 
The forward speeds ranged from 0 to approx- 
imately 180 feet per second and the sinking 
speeds, from 2.7 to 9.4 feet per second. 

The results indicated the variation of the 
maximum spin-up coefficient of friction with 
forward speed and vertical load. 
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2.3. Skin friction 


Measurements of Skin Friction in a Plane 
Turbulent Wall Jet. 

A. Sigalla. Royal A evonautical Society, Journal, 
v. 62, Dec. 1958, p. 873-877. 

Considers the inner layer of fluid between the 
wall and the position where the velocity is a 
maximum as a boundary layer with an outer 
uniform free stream of velocity equal to the 
local maximum velocity. 


Preliminary Investigations of Spiked Bodies 
at Hypersonic Speeds. 

Seymour M. Bogdonoff and Irwin E. Vas. 
Journal of the Aero/Space Sciences, v. 26, Feb. 
1959, Pp-» 65-74. 

An examination of the flow over blunt bodies 
equipped with a spike to minimize heat- 
transfer rates. The use of a spike protruding 
from a hemispherical-nosed cylinder at M = 
14 decreased the pressure level by an order of 
magnitude and the heat transfer to a fraction 
of that measured on a hemisphere without a 
spike. The general technique appears to hold 
considerable promise for hypersonic flight. 


Use of a Stanton Tube for Skin-Friction 
Measurements. 

S. S. Abarbanel, R. J. Hakkinen, and L. 
Trilling. NASA Memorandum 2-17-59 W, 
March 1959. 48 pp., diagrs., photos. 

An experimental program is presented in 
which a Stanton tube is used as a direct mea- 
sure of the local surface shearing stress. Cali- 
bration of the tube was made by means of a 
floating-element type of skin-friction balance. 
Calibration conditions range in Reynolds 
number based on free-stream conditions from 
70,000 to 875,000. 


Supersonic Airfoil Performance With Small 
Heat Addition. 

Artur Mager. Journal of the Aero/Space Scien- 
ces, v. 26, Feb. 1959, p. 99-107. 

An analytical method is presented which per- 
mits a very rapid evaluation of the aerody- 
namic effects arising from the addition ofsmall 
amounts of heat near supersonic two-dimen- 
sional air-foils. It is shown that even small 
amounts of heat generate a substantial pres- 
sure rise and thus cause appreciable changes 
in the aerodynamic coefficients. 


Effect of Uniformly Distributed Roughness 
on Turbulent Skin-Friction Drag at Super- 
sonic Speeds. 

Frank E. Goddard, Jr. Journal of the Aero] 
Space Sciences, v. 26 ,Jan. 1959, p. 1 + 15 pp. 
An experimental program was carried out in 
the 18-in. by 20-in. supersonic wind tunnel 
of the Jet Propulsion Laboratory to determine 
the effect of uniformly distributed sand-grain 
roughness on the skin-friction drag of a body 
of revolution for the case of a turbulent 
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boundary layer. The Mach Number range 
covered was 1.98 to 4.54, and the Reynolds 
Number varied from about 3 x 108 to 8 X 
106, Some data were also obtained at a Mach 
Number of 0.70. At speeds up to a Mach 
Number of 5 and for roughness sizes such that 
the quadratic resistance law holds, the com- 
pressibility effect is indirect, and the skin- 
friction drag is a function of only the rough- 
ness Reynolds Number, exactly as in the in- 
compressible case. It is shown that the entire 
compressibility effect is a reduction of the 
fluid density at the surface as the Mach 
Number increases. 


A Low-Speed Experimental Investigation 
of the Effect of a Sandpaper Type of Rough- 
ness on Boundary-Layer Transition. 

Albert E. von Doenhoff and Elmer A. Horton. 
NACA Rept. 1349, 1958. ii, 16 pp., diagrs., 
photos. 

An investigation conducted in the Langley 
low-turbulence pressure tunnel at low speeds 
showed that for sandpaper-ty pe roughness the 
occurrence of transition could be correlated 
on the basis of a local roughness Reynolds 
number based on the size of the roughness and 
the velocity at the top of the roughness. The 
extent of the roughened area does not appear 
to have an important effect on the critical 
value of the roughness Reynolds number. 


SYSTEMATIC ABSTRACTS 403 


An Experimental Study at a Mach Number 
of 3 of the Effect of Turbulence Level and 
Sandpaper-type Roughness on Transition on 
a Flat Plate. 

Robert A. Jones. NASA Memorandum 2-9- 
59L, March 1959. 43 pp., diagrs., photos., tab. 
An optical method was used to study the 
effect of turbulence level and sandpaper-type 
roughness on transition for a flat plate at a 
Mach number of 3 with no heat transfer. A 
range of roughness Reynolds number and a 
range of roughness height to boundary-layer 
displacement thickness which moved tran- 
sition less than ro percent were found and 
were functions of turbulence level. 


Boundary-Layer-Transition Measurements 
on Hemispheres of Various Surface Rough- 
nesses in a Wind Tunnel at Mach Numbers 
from 2.48 to 3.55. 

Angelo Bandettini and Walter E. Isler. NASA 
Memorandum 12-25-58A, March 1959. 29 pp., 
diagrs., photos., tab. 

Wind-tunnel tests have been made to deter- 
mine the location of transition of the bound- 
ary layer on three separate hemispheres hav- 
ing absolute surface roughness values of 50, 
580, and 2760 microinches. The tests were in 
the range of Reynolds numbers, based on the 
tg-inch hemisphere diameter, from 1.5 to 7.5 
million. Transition location was determined 
from shadowgraphs and checked by local 
temperature-recovery measurements. 


3. LUBRICATION AND LUBRICANTS 


3.1. Lubrication, mechanism 


Effect of Lubricant on Penetration of a 
Diamond-Pointed Indenter Into Ductile 
Metals. 

V. D. Kuznetsov and A. I. Loskutov. Henry 
Brutchey Translation No. 4406, 8 pp. (From 
Fizika Metollov i Metallovedenie, v. 2, no. 3, 
1956, Pp. 509-513-) 

Comparative depths of diamond indenter 
measurements made by authors under loads 
of o to 4 kg on dry specimens and on speci- 
mens coated with 0.2% solutions of stearic 
or oleic acid, respectively, in vaseline oil, of 
iron, copper, and zinc. Relationship be- 
tween initial hardness of specimen and the 
load on the indenter needed to produce an 
effect attributable to the surface-active 
lubricant. 


An Examination of Lubrication With Soap, 
Using Radioactive Sodium Stearate. 

J. Golden, P. R. Lancaster, and G. R. Rowe. 
International Journal of Applied Radiation 
and Isotopes, v. 4, nos. 1/2, Dec. 1958, Pp-30-35: 
Describes an experimental study of the be- 
havior of a soap coating on rectangular mild 
steel bars drawn slowly under plane strain 
conditions between hard cylindrical dies. 


Loads up to 5 tons were applied to reduce the 
cross-section of the bars by 5-30% in one pass. 
Purified sodium stearate was neutron-acti- 
vated and was used as the lubricant. It is 
found that although the drawing conditions 
are designed to discourage hydrodynamic lu- 
brication, films of soap Over 1000 A thick can 
pass between the dies and the specimens. The 
soap film thickness decreases steadily as the 
percentage reduction of area of the specimen 
is increased and eventually at about 30% 
reaches a value of 600 A, comparable with the 
maximum height of the surface asperities. At 
this stage the smooth surface of the specimen 
can be seen to be damaged and ‘‘pick-up”’ is 
found to occur. 

See also: the contribution by Lancaster and 
Rowe on p. 428 of this issue. 


Cam and Tappet Lubrication. III. Radio- 
active Study of Phosphorus in the EP Film. 
E. H. Loeser, R. C. Wiquist, and S. B. Twiss. 
ASLE Transactions, v. 1, no. 2, Oct. 1958, Pp. 
329-339: 

Tightly bound films, which contain phospho- 
rus and zinc, formed rapidly and then ap- 
proached steady-state values in static and 
dynamic tests. The amount of film increased 
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with oil temperature (200° to 300°F) and with 
available surface area. Dynamic test condi- 
tions greatly increased the amount of film 
formed, indicating the marked effect of sur- 
face temperature, pressure or wear. Chemical 
and physical properties of the films appeared 
to vary with the conditions of film forma- 
tion. 


Lubrication of High-Speed High-Tempera- 
ture Thrust Ball Bearings. 

G. S. Reichenbach, J. B. Accinelli, and S. J. 
Beaubien. ASLE Tyvansactions, v. 1, no. 2, 
Oct. 1958, p. 259-265. 

Bearing rig tests in a once-through jet lubri- 
cation system with silicone fluid, mineral oil, 
and a synthetic ester lubricant resulted in 
friction failures at approximately 350, 650, 
and 800°F, respectively. With oil-air mist lu- 
brication failure occurred at a much lower 
temperature. Demonstrates that deposits 
from lubricant decomposition did not play a 
significant role in the results and thus con- 
cludes that the small scale rig emphasized the 
deposit-free high temperature friction prop- 
erties of lubricants. 


3.2. Lubrication, industrial 

Some Practical Notes on the Lubrication of 
Anti-Friction Bearings. 

Scientific Lubrication (Special Extra Issue), 
Nov. 1958, p. 23 + 7 pages. 

Design points for grease, high-temperature 
oil, and mist lubrication. 


Centralised Lubrication and the Anti- 
Friction Bearing. 

N. R. W. Morris. Scientific Lubrication (Spe- 
cial Extra Issue), Nov. 1958, p.55 + 2 pages. 
While it is vitally important to select the 
correct lubricant for any given application, 
there is an equal necessity to ensure that it is 
introduced into the bearings in a clean con- 
dition, in the correct quantity, and at the 
prescribed intervals. 


3.3. Lubricants 


Choosing Lubricants for Heat and Cold. 
Alden Crankshaw. Machine Design, v. 31, Feb. 
5, 1959,p. 101-103. 

Primary factors for consideration in selection 
of lubricating oils for machinery operating in 
temperature ranges between —65°F up to 
800°F. Synthetics such as diesters are used 
in lubricants between —65°F and 130°F to 
prevent freezing and lubricant failure. At 
operating temperatures over 350°F, solid ad- 
ditives such as colloidal graphite or MoSg 
are used in suspension. Above 600°F the 
safest choice is colloidal graphite. 


How ANP Turbine Lubricants Behave 
Under High-Level Radiation. 
John M. Clark, Jr. and George C. Lawrason. 
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SAE Journal, v. 66, Dec. 1958, p. 77-78. 
Radiation can produce almost instantaneous 
failure of modern aircraft lubricants. 


The Lubrication of Antifriction Bearings in a 
Nuclear Power Station. 

A. J. Marles. Scientific Lubrication (Special 
Extra Issue), Nov. 1958, p. 33-37: 

In equipment which is peculiar to a nuclear 
power station where a reactor takes the place 
of a furnace as the heat source the conditions 
peculiar to the reactor have to be considered, 
the main ones being the presence of radiation, 
high ambient temperature, compatibility with 
the coolant gas and other materials present, 
and the risk of lubricant being carried inside 
the reactor. 


Lubricating a 5,000 h.p. Gas Turbine. 
Scientific Lubrication, v. 11, Jan. 1959, p. 
19-21. 

Basic lubricating oil supply system consists 
of direct-driven 196 gal/min positive displace- 
ment main pump, a 140 gal/min positive dis- 
placement auxiliary pump, and 80 gal/min 
centrifugal emergency pump. Main pump has 
sufficient capacity to supply all lubricating 
and control oil requirements under gas tur- 
bine idling conditions. Auxiliary pump deli- 
very capacity is sufficient for starting unit, 
and permits continuous plant operation in 
event of breakdown of main pump. Emergen- 
cy pump can supply sufficient lubrication 
during plant shut-down and will ensure ade- 
quate heat dissipation from the bearings 
during cool down. 


Lubricants in the Forming of Aluminum. 
Marco Petronio. Lubrication Engineering, v. 
14, Dec. 1958, p. 510-522. 

A number of lubricants of known composition 
were evaluated in a laboratory slow-speed 
draw test by determining the forces obtained 
during the drawing. Shop test results are re- 
ported corroborating laboratory findings in 
the drawing of 2024, 5052 and 7075 aluminum 
alloys. 


Lubrication of New Metals During Heat 
Treatment and Forming. 

J. Grindrod. Scientific Lubrication, v. 11, Jan. 
1959, Pp. 13-14. 

Use of low-melting glass as extrusion lubricant 
for Ti alloys. 


3.4. Lubricants, greases 


Milling of Greases. I. The Mechanisms of 
Dispersion. II. Some Practical Benefits of 
Mechanical Dispersion. 

Part I: K. H. Birkett. Part II: J. J. Dickason. 
NLGI Spokesman, v. 22, no. 11, Feb. 1959, p. 
505-512. 

Phases of manufacture and how they affect 
appearance and performance of lubricating 
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grease. Thermal and mechanical dispersions 
of soap particles in lubricating grease. Proper 
dispersion results in improved appearance, 
increase in yield, improved shear stability, 
uniformity of product, improved storage sta- 
bility, decreased leakage tendencies, improved 
pumpability, and improved antibleed charac- 
teristics. Utilization of inorganic thickening 
agents. 


The Flow of Lubricating Greases. 

A. W. Sisko. Industrial and Engineering 
Chemistry, v. 50, Dec. 1958, p. 1789-1792. 
Over a wide range of shear rates the data le 
on a single smooth curve and are fitted by a 
new equation which can be used to calculate 
pressure drops in pipe flow and to explain the 
appearance of plug flow in greases. 


Testing Anti-Friction Bearing Greases. 

E. G.. Ellis. Scientific Lubrication (Special 
Extra Issue), Nov. 1958, p. 14 + 3 pages. 
Grease of the correct quality is a very satis- 
factory substitute for oil; it can be extremely 
economical in use, one filling serving for 
months or even years and the application can 
usually be managed with systems far less 
complicated than those required for a fluid. 


3.5. Lubricants, e.p., solids, gases 

Chemical Nature of Extreme Pressure 
Lubrication. 

George Hugel. Lubrication Engineering, v. 
14, Dec. 1958, p. 523-526. 

Engine performance can be improved and 
seizing can be prevented by incorporating an 
organo-metallic complex in the lubricating 
oil. The complex is selected from materials 
which decompose at high temperatures and 
produce a solid mineral deposit. Various ma- 
terials may be combined to produce lubricants 
capable of improved performance. 


Investigation of Oil Additives for Boundary 
Lubrication of Railroad Journal Bearings. 
Arnold Miller and Arthur A. Anderson. ASLE 
Translations, v. 1, no. 2, Oct. 1958, p. 273-280. 
Boundary friction properties of the lubricated 
system of steel sliding on lead-base babbitt 
were investigated on freight car hot boxes. A 
friction pendulum was developed for determin- 
ing the coefficients of boundary friction as a 
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function of temperature with the specified 
metals lubricated with various lube oil addi- 
tive blends. Lubricity additives which chemi- 
sorb to metal surfaces and form a close-packed 
layer were found to be effective antifriction 
agents. 


Lubricating Properties of Lead-Monoxide- 
Base Coatings of Various Compositions at 
Temperatures to 1250° F. 

Harold E. Sliney. NASA Memorandum 3-2- 
59E, February 1959. 22 pp., diagrs., photos., 
tabs. 

Lead monoxide was the component that was 
primarily responsible for lubricating proper- 
ties of various ceramic coatings studied. Other 
oxides in the formulations influenced such 
properties as softening points, adherence to 
metals, hardness, vitrifying tendencies, or 
chemical stability. Oxidation of the base 
metal during coating at elevated temperatu- 
res had important and often beneficial effects. 
Several of the coatings protected metals 
against adhesive wear at test temperatures 
from 75° to 1250°F. Friction coefficients 
ranged from 0.20 to 0.37 at 75°F and from 
0.08 to 0.20 at 1250°F. The sliding velocity in 
all experiments was 430 ft./min. 


Halogen-containing Gases as Boundary 
Lubricants for Corrosion-resistant Alloys 
at 1200° F: 

Donald H. Buckley and Robert L. Johnson. 
NASA Memorandum 2-25-59E, March 1959. 
27 pp., diagrs., photos., tabs. 

The gases CF2Cle, CF2Bre, CF3Br, CF3I, Iz and 
SF were used to lubricate nickel- and cobalt- 
base alloys up to temperatures of 1200°F. The 
use of nickel-base alloys avoided the corrosion 
encountered in gas lubrication of ferrous alloys 
above 600°F. A hemispherically tipped rider 
under a 1200-gram load slid on a disk rotating 
at a speed of 120 ft./min. Effective lubricants 
for a cobalt-base rider sliding on a nickel-base 
disk at temperatures up to 1200°F were 
CF2Brz and CFs3Br. The use of CF2Clg with 1 
percent SF¢ in the lubrication of 7-1/2 percent 
silicon-nickel rider sliding on a cobalt-base 
disk gave both low friction and wear up to 
1200°F. 

See also: Ind. Eng: Chem., 51 (1959) 699-700. 


4. BEARINGS AND SEALS 


4.1. Bearings 


On Critical Speeds Induced by Ball Bearings 
at Lower Rotating Speeds. 

Toshio Yamamoto. Bulletin of JSME, v. 1, no. 
3, Aug. 1958, p. 240-244. 

When single-row radial ball bearings are used, 
several critical speeds may take place in a ver- 
tical shaft at certain rotating speeds lower 
than the major critical speed. When the bear- 


ing center line of both bearing pedestals is 
not in alignment and the shaft is not in a per- 
fectly straight line, there is the possibility that 
these critical speeds occur. When self-aligning 
double-row ball bearings are used, these criti- 
cal speeds do not occur; they occur only in the 
shaft supported by single-row radial ball bear- 
ings. 
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Current Status of Knowledge on Design 
Criteria for Bearings Used in High Tem- 
perature Aircraft Electrical Accessories. 

P. Lewis, S. F. Murray, and A. A. Schwartz. 
U.S. Aiv Force, Wright Atv Development Center, 
WADC Technical Report 58-519, Sept. 1958, 
5° PP. <2 
Fluids under consideration are silicones, sili- 
cate esters, silanes, mineral oils, polyphenyls 
and polyphenyl ethers, fluorinated organic 
compounds, esters, and polyolefins. In the 
bearing design, loose clearances, open curva- 
tures, and land riding cages seem most desir- 
able. M-50 tool steel bearings containing ‘‘S”’ 
Monel or Ni Resist Cages show successful 
performance. Two systems that appear most 
promising are grease-packed bearings and a 
modified ‘‘once through”’ system. 


The Experimental Determination of Ball 
Bearing Cage Stress. 

T. S. Crawford. Royal Aircraft Establishment 
(Gt. Brit.) October 1958.8 pp., diagrs., photos., 
tabs. (Ask for CN-70213) 

Dynamic measurements using strain gages 
were made to determine the effect of shaft 
misalignment on cage stress. Direct static 
measurements of ball to track friction were 
also made for different interference fits of the 
races and for varying degrees of misalignment. 


Measurement of Miniature Ball Bearings: 
(A) A Review of Conventional Methods and 
(B) A New Method of Measuring Running 
Accuracy in the Assembled Form. 

S. A. Root. Aeronautical Inspection Director- 
ate (Gt. Brit.) June 1958. 12 pp., diagrs., 
photos. (Ask for CN-69099) 

Since the methods of measuring track wobble, 
in particular, were found to be unsound and 
also because of the difficulties in assessing the 
running accuracy of a bearing from the results 
of separate measurements of individual fea- 
tures, new test apparatus has been designed. 
This operates on the principle that the com- 
bined effect of all the errors in a bearing will 
cause the rotating ring to oscillate in either or 
both radial and axial directions. The tests are 
carried out with the bearing mounted in a 
manner simulating operational practice under 
either axial or radial loads and with either the 
inner or outer ring rotating. The axial and 
radial oscillations resulting from the composite 
effect of errors in the bearing are picked up by 
axial and side acting heads and graphically 
recorded at high magnification. 


Parallel Surface Thrust Bearing. 

A. Cameron and W. L. Wood. ASLE Trans- 
actions, v. 1, no. 2, Oct. 1958, p. 254-258. 
Theory for the thermal wedge thrust pad is 
given. Viscosity is allowed to vary in the direc- 
tion of motion. Solutions are obtained by both 
analytical and relaxation methods for infinite 
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and finite pads. Results are displayed non- 
dimensionally and graphically. 


Determination of Optimum Proportions for 
Hydrostatic Bearings. 

A. M. Loeb and H. C. Rippel. ASLE Tyvans- 
actions, v. I, no. 2, Oct. 1958, p. 241-247. 
Effect of recess size on the pressure, flow, and 
power requirements of several hydrostatic 
bearing configurations is described in terms 
of dimensionless coefficients called perform- 
ance factors. Performance factors are deter- 
mined analytically, compared graphically 
with the electric analog solutions for this bear- 
ing, and found to be in excellent agree- 
ment. For a given bearing configuration, 
there is a particular recess size which will 
give minimum supply pump power. 


4.2. Seals 


The Sealing of Anti-Friction Bearings. 

E. T. Jagger. Scientific Lubrication (Special 
Extra Issue), Nov. 1958, p. 39 + 6 pages. 
Technological aspects of anti-friction bear- 
ings; review of current practice; classification 
of sealing methods; influence of working con- 
ditions and other factors; present-day ten- 
dencies; designing for synthetic rubber seals. 


A Research Program on the Investigation of 
Seal Materials for High Temperature Appli- 
cation. 

Raymond H. Baskey. U.S. Air Force, Wright 
Airy Development Center, WADC Technical 
Report 58-181, June 1958, 64 pp. 

The finest wear performance was attained 
when Kentanium K162B ran against Kenta- 
nium K162Bat sliding speeds of 14,000 ft./min 
in an ambient temperature of 1100°F. 


4.3. Miscellaneous 


The Lead Bronze Bearings Manufactured by 
Means of Powder Metallurgy. (In Czech.) 
Zdenék Ministr. Hutnické Listy, v. 13, no. 12, 
Dec. 1958, p. 1132-1137. 

The casting of lead bronze containing 30 to 
40% Pb (an excellent antifriction metal) is 
very difficult because of excessive liquation of 
lead. The powder metallurgy opens an advan- 
tageous way to manufacture the thick walled 
self-lubricating bearings and also the thin- 
walled babbitt lined axle bearing steps of steel. 
The use of fine pulverized lead perfectly free 
of oxides, if necessary with small addition of 
graphite, prevents the growth of the pressed 
pieces and the ‘‘sweating”’ of lead. A method 
of manufacture of thick-walled self-lubricating 
bearings of lead bronze with a cavity for oil 
has been developed. The thin-walled axle 
bearing steps can be manufactured in two 
ways: either by preparing by rolling a band 
of pulverized lead bronze which is then bonded 
to a copper-coated steel plate by sintering or 
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the powder metal is sintered on a copper- 
coated steel plate and afterwards compressed 
by rolling. The methods of powder-metal 
rolling now in use and a new method of rolling 
between rolls one under another by means of 
a paper band are discussed. 


PTFE Bearing Materials. 

Modern Plastics, v. 36, no. 6, Feb. 1959, p. 123 
+ 4 pages. 

Chemically inert polytetrafluorethylene com- 
pounds have low coefficients of friction, can 
give long service if properly designed for load 
and speed. 


Hydrodynamic Lubrication of Ball and 
Socket Joints. 

R. I. Tanner. Applied Scientific Research, Sec. 
A, Mechanics, Heat, Chemical Engineering, 
Mathematical Methods, v. 8, no. I, 1958, Pp. 


45-51. 
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Asastep towards formation of design rules for 
ball and socket joints, a solution of the lubri- 
cation equations for an ‘‘ideal’’ joint under 
steady loading and rotation is presented. The 
friction for the ball is found to be higher, and 
the load capacity lower, than that of a plain 
bearing under similar conditions. 


Fixtures for Testing Pin-End Columns. 

A. W. Huber. ASTM Bulletin, no. 234, Dec. 
1958, Pp. 41-45. 

Design and the performance of column end 
fixtures with cylindrical bearing surfaces. 
These fixtures were designed for heavy loads 
(maximum 2,000,000 lb). and simulate a 
pin-end condition in one direction and fixed- 
end condition in the direction at right angles 
to the first. The fixtures can be used for axial 
or eccentric column tests with equal end eccen- 
tricities. 


5. WEAR AND WEAR RESISTANCE 


5.1. Materials 


The Impact of Space Technology on Re- 
search and Development - Structures and 
Materials. 

Richard V. Rhode and John C. Houbolt, 
NASA. (Presented before General Assembly, 
AGARD, Copenhagen, Denmark, October 
20-29, 1958.) iii, 32 pp., diagrs. (Ask for NASA 
L-128). 

A broad discussion is given of the structures 
and materials problems that are involved in 
design of space-flight vehicles. Problem areas 
outlined and attention is focused on those 
areas which require increased research 
activity. The point of view taken is that space 
technology is a natural extension of aero- 
nautical technology and that it is the environ- 
ment, mission, and configuration which set the 
structural problems. The nature of the space- 
flight environment and the general trends in 
construction are therefore discussed, and this 
is followed by a detailed consideration of the 
loads, structural design, and materials prob- 
lems. Some specific examples illustrating the 
severity of the loads and structures problems 
are given. 


Metals for Supersonic Aircraft and Missiles. 
D. W. Grobecker, editor. 423 pp- 1958. Ame- 
rican Society for Metals, Cleveland. 
Proceedings of the conference, ‘‘Heat Tolerant 
Metals for Aerodynamic Applications’, held 
January 28 and 29, 1957 at the University 
of New Mexico, Albuquerque, New Mexico, 
under the joint sponsorship of American 
Society for Metals and University of New 
Mexico. 


Sintering of Columbium Powder. 
O. P. Kolchin and N. P. Chuveleva. Henry 


Brutcher Translation No. 4415, 14 pp. (From 
Tsvetnye Metally, v. 13, nO. 12, 1957, p- 67-70.) 
Henry Brutcher, Altadena, Calif. 

Optimum conditions of sintering for ductile, 
easily cold-worked columbium metal. Varia- 
tion of electrical resistivity, hardness, density, 
weight, and percentage of foreign elements in 
columbium powder compacts with sintering 
temperature. 


Some Fundamental Features of Mechano- 
chemical Attack on Metals. 

T. P. Hoar, University of Cambridge. (Pre- 
sented at the AGARD Sixth Meeting of the 
Structures and Materials Panel, Paris, No- 
vember 4-8, 1957.) Advisory Group for Aero- 
nautical Research and Development. Novem- 
ber 1957. iii, 5 pp. AGARD Rept. 158. (Ask 
for N-69063) 

The behavior of oxide films under conditions 
leading to their chemical failure, and under 
fretting, fatigue, and static stress conditions, 
is discussed. Probably disarrayed surface 
zones in a metal surface lead to the formation 
of less effective oxide films and also, in de- 
filmed metal, to rapid chemical attack. The 
consequent effects produced under fretting 
corrosion, corrosion-fatigue, and stress-cor- 
rosion conditions are considered. Recent ex- 
perimental work is mentioned which indicates 
that metal that is yielding under mechanical 
stress is in an especially active chemical state. 
The implications of this work on the mecha- 
nism of stress-corrosion cracking are consi- 
dered. 


5.2. Evosion and impact 


Erosion of Materials by Cavitation Attack. 
D. Peckner. Corrosion, v. 15, 1959, p- 269-274; 
7 fig., 3 tables, 19 ref. 
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The relationship between cavitation attack 
and erosion of metals is discussed. Extensive 
references are made to existing literature on 
cavitation attack. Data are reported on the 
effect of hardness on accelerated cavitation 
testing of chromium stainless steels, effect of 
sodium dichromate inhibitors on resistance of 
metals to pitting, and determination of the 
relative erosion resistance of alloys by the 
vibratory method. Streamlining, good surface 
finish and the use of cavitation resistant ma- 
terials tended to reduce the cavitation effect. 
The relative resistance of metals to cavitation 
could be evaluated successfully with a two- 
hour magnetistrictive test. 


Effect of Grain Size on the Resistance of 
Steels to Cavitation Erosion. 

I. N. Bogachev and R. I. Mints. Henry Brut- 
cher Translation No. 4317, 6 pp. (From Metall- 
ovedenie i Obrvabotka Metallov, no. 8, Aug., 
1958, p. 26-29.) Henry Brutcher, Altadena, 
Calif. 

Relationships in single-phase (austenitic, 
ferritic) steels. Mechanism of cavitational de- 
struction. Cavitation erosion in steels with 
duplex structures as function of grain size, 
component making up the network proper, 
and brittleness or toughness of steel; mecha- 
nism of cavitational failure. 


Erosion Wear and Wear Protection of 
Austenitic Steels for Gas Turbine Blades 
(in Russian) 

V.1. Prosvirinand A. 1. Fedosov. Inzhenerno- 
Fizicheskit Zhurnal, v. 2, no. 1, Jan. 1959, p. 
6-14. 

The best method of protection from erosive 
wear is by simultaneous saturation by C, Cr, 
and N, or the two latter elements, when the 
coefficient of resistance to erosion is increased 
by 10 or more. The character and mechanism 
of erosive wear on blades is described. 


A Correlation between Rain Erosion of 
Perspex Specimens in Flight and on a Ground 
Rig. 

T. J. Methven and B. Fairhead. Royal Aircraft 
Establishment (Gt. Brit.) November 1958. 11 
pp. diagrs., photos., tabs. (Ask for CN-71206) 
The amount of surface erosion on Perspex has 
been measured for specimens flown on an 
aircraft in rain and tested on a whirling arm 
ground rig in artificial rain. Specimens were 
compared at 400 knots and similar rain con- 
centrations. Results show that 1 in./h rain 
in flight gives similar erosion to 1.5 in./h on 
the ground rig; this may be due to the greater 
range of droplet sizes found in flight. 


Note ona Laboratory Apparatus to Study the 
High Speed Impact between a Liquid Drop 
and a Surface. 

D.C. Jenkins, J. D. Booker, and J. W. Sweed. 
Royal Aircraft Establishment (Gt. Brit.) Feb- 
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ruary 1958. 10 pp., diagrs., photos., tab. 
(Ask for N-65562) 

An apparatus is described which is being used 
for the study of the effects of high-speed 
impact between a liquid drop and a surface. 
The apparatus has been used at speeds up to 
1750 ft./sec. Some other applications of the 
apparatus are discussed. 


A Preliminary Investigation of High-speed 
Impact: the Penetration of Small Spheres 
into Thick Copper Targets. 

A.C. Charters and G. S. Locke, Jr. NACA RM 
A58B26, May 1958. 21 pp., diagrs., photos. 
Small metal spheres of various densities were 
fired at high speed into thick targets of copper 
and lead. In general, it was found that all of 
the penetrations could be correlated quite well 
for engineering purposes by a function relating 
the depth of penetration to the impact mo- 
mentum per unit volume. 


5.3. Miscellaneous 


Reducing Scuffing and Wear of Ferrous 
Metals. Surface Treatment by Sulfinuz 
Process. 

F. D. Waterfall. Engineering, v. 187, Jan. 23, 
1959, p. 116-120. 

This process is to impregnate steel or cast iron 
surfaces with S and N, to reduce scuffing and 
wear. Surfaces are treated in a molten salt 
bath of cyanide and S compounds at about 
570°C from 5 minutes to 3 hours. After two 
hoursat 570°C, a ‘‘white’’ microscopic surface 
layer about 0.0005 in. in depth can be observ- 
ed. Nitrogen penetrates beyond this white 
layer and confers some benefit to the metal 
below. 


Severe Wear of Pearlitic Steel Weld Metal. 
Sukemitu Ito, Kozo Honda, and Kikuzo Ish- 
iyama. Journal of Mechanical Laboratory of 
Japan, v. 4, no. I, 1958, p. 15-21. 

The value indicating wear was found for 39 
different brands of hardfacing electrodes. The 
relation between the wear property and micro- 
structure or chemical composition was com- 
plex. 


The Acceleration of Pitting Failure by Water 
in the Lubricant. 

L. Grunberg and D. Scott. Institute of Petro- 
leum, Journal, v. 44, Nov. 1958, p. 406-410. 
The effect of water content of the lubricant 
on the incidence of pitting type failure of bail 
bearings was studied using the four ball 
rolling test. Several oils of different character- 
istics which are being used for the lubrication 
of ball bearings in practice were tested under 
four conditions of water content. The pres- 
ence of water in the lubricant accelerated the 
pitting failure of balls made of conventional 
EN. 31 steel, but had no effect on the pitting 
failure of stainless steel balls. 
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6, ANALYSIS AND TESTING 


Measuring the Attack of Gases on Solid 
Surfaces. 

Corrosion Technology, v. 6, Jan. 1959, p. 9. 
Procedure employs time-lapse photography of 
the reacting solid so that a permanent record 
of the reaction’s progress is obtained. 


Investigation of Wear by Electron Diffrac- 
tion. 

L. M. Niebylski, M. Antler, and L. O. Brock- 
way. ASLE Transactions, v. 1, no. 2, Oct. 
1958, p. 304-311. 

Discusses monolayers, liquid lubricants, and 
greases, polished and amorphous films, the 
relation to wear of the crystallite size of sur- 
face films, solid lubricants, mechanism of 
extreme pressure lubrication, and the iden- 
tification of wear debris. Molybdenum isobu- 
tylxanthate is an effective extreme pressure 
oiladditive for hard steel. Cast iron top-piston- 
ring durability in a spark-ignition engine was 
studied using several fuels which gave widely 
different wear rates. 


Recherche d’un test rapide d’abrasivité. 
An Attempt to Find a Quick Abrasivity Test. 
P. Draignaud. Société Francaise de Céramique, 
Bulletin, no. 41, Oct.-Dec. 1958, p. 47-64. 
Test involves rotating the metal bar to be 
tested in a bed of quartz grains of 10-15 mm 
size. 


Contribution al’ étude del’ usured’un moteur 
par la technique des traceurs radioactifs. 
Study of motor wear by tracer technique. 

R. Wilputte. Belg. Chem. Ind., v. 12, 1958, 
P- 1374-1378; 3 fig., 6 ref. 

A simple apparatus is described for the mea- 
surement of engine wear by the radioactive 
ring method. This process has proved useful: 
for comparing the ‘‘anti-wear’’ properties of 
different lubricants during continuous run 
and on starting; for investigating how engine 
wear on starting can be reduced. 


Preliminary Study of A Piston Pump for 
Cryogenic Fluids. 

Arnold E, Biermann and Robert C. Kohl. 
NASA Memorandum 3-6-59E, March 1959. 
27 pp., diagrs., photo’s. 

Preliminary performance data are presented 
for a low-speed, five-cylinder piston pump 
designed to handle boiling hydrogen. The 
pump is designed to deliver 55 gallons per 
minute at a discharge pressure of 135 pounds 
per square inch. The design pump speed is 
240 rpm. The report also describes asso- 
ciated cavitation experiments in which liquid 
nitrogen and water were subcooled at 0.6° F 
by reciprocating a disk in an open vessel 
containing the test fluids. This method 
produced a lesser amount of subcooling with 
liquid hydrogen. 


7. SURFACE TREATMENT AND FINISHING 


Effect of Surface on the Behaviour of Metals. 
100 pp. + 10 plates. 1958. Philosophical Li- 
brary, New York. 

Contains the four papers presented at the 
Institution of Metallurgists’ annual Refresher 
Course for 1957, entitled ‘‘Methods of Prep- 
aration and Examination of Surfaces’; ‘‘In- 
fluence of Surface Treatments on the Chemical 
Behaviour of Metals’’; ‘‘Relationship Between 
Surface Condition, Friction and Wear’’; and 
“Influence of Surface on the Physical Proper- 
ties of Metals’’. 


The Nature of Mechanically Polished Metal 
Surfaces: An Electron-Diffraction Exami- 
nation of Polished Silver Surfaces. 

L. E. Samuels and J. V. Sanders. Institute of 
Metals, Journal, v. 87, pt. 5, Jan. 1959, P- 
129-135. 

Electron-diffraction patterns characteristic of 
crystalline material, obtained from surfaces 
of both polycrystalline and single-crystal sil- 
ver polished mechanically by a standard 
metallographic method, show that the range 


of the misorientations—and hence the mag- 
nitude of the deformation at the surface— 
produced by polishing decreases progressively 
with increasing fineness of polish. With the 
finest polish investigated, the misorientations 
were only about +5°. No evidence was found 
of a layer of peculiar structure of the type 
postulated by Beilby. 


Finishing and Inspection of Model Surfaces 
for Boundary-layer-transition Tests. 

Max E. Wilkins and John F. Darsow. NASA 
Memorandum 1-19-59A, February 1959. 17 
pp., diagr., photos. 

Techniques which have been used for finishing 
and quantitatively specifying surface rough- 
ness on boundary-layer-transition models are 
reviewed. The appearance of a surface as far 
as roughness is concerned can be misleading 
when viewed either by the eye or with the 
aid of a microscope. The multiple-beam inter- 
ferometer and the wire shadow method pro- 
vide the best simple means of obtaining quan- 
titative measurements. 
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8. MACHINING AND TOOL WEAR 


8.1. Grinding 


New Techniques for Grinding Sintered 
Carbides. 

E. Zmihorski. Machinery (London), v. 93, 
Nov. 19, 1958, p. 1186-1188. 

New method of rough grinding involves rais- 
ing the temperature of the part to be ground to 
within 750 to 850°C, and maintaining it at 
this temperature during grinding. It has been 
found that at this temperature the sintered 
carbides are considerably less brittle, and, 
consequently, less prone to craze cracking. 


Basic Tests of Grinding Wheel Hardness. 
P. Roy Leaman. Tooling & Production, v. 24, 
no. 12, Mar. 1959, p. 63-64. 

Describes testing by use of tone or sound, 
density or penetration methods. 


The Influence of Different Factors on Metal 
Removal and Abrasive Consumption in 
Grinding Steel With Pendulum Grinding 
Machines. (in Swedish) 

Gunnar Wallquist, Bo Hamrin, and Hans 
Lund. Jernkontorets Annalar, v. 152, no. 9, 
1958, p. 541-569. 

The influence of different factors on the metal 
removal and the consumption of abrasives 
during grinding of rolled steel billets with pen- 
dulum grinding machines were determined at 
several Swedish steel works. Nineteen grind- 
ing wheels of different types were tested, and 
of these five were investigated in detail at 
grinding pressures of 80; 100, and 120 kg and 
at wheel periphery speeds of 35, 40, 45, and 
50 m/sec. 


8.2. Drilling 


Hard Metal—The New Rock Drilling 
Medium. 

L. S. Cole. Australasian Engineer, 1959, Jan. 
7, Pp. 70 + 2 pages. 

In percussion drilling, the average drilling 
‘life’ of a forged steel or detachable head is 
about 42 inches. A hard metal tip can be used 
at greater drilling speeds and has an average 
life of about 35 feet before re-sharpening is 
necessary. Describes manufacture and use of 
hard-metal tips. 


Vibration Drilling Gets Further Study. 
Ralph Simon. Dyilling, v. 20, Feb. 1959, 
je ioy 

Drilling by vibration is accomplished by 
superimposing longitudinal vibrations onto 
the drill bit of an otherwise conventional 
rotary drilling system. A number of laboratory 
and field models of vibratory drilling machines 
have been designed, constructed, and used ex- 
perimentally. The latest version encompasses 
a magnetostriction transducer that follows a 


101/9-in. rotary bit down the hole. It is tenta- 
tively concluded that vibratory drilling in 
rock of medium hardness may be just about 
economically competitive with conventional 
drilling. 


8.3. Machining 


Equipment Requirements for High-Speed 
Machining. 

H. J. Siekmann. Tool Engineer, v. 42, no. I, 
Jan. 1959, P. 49-52. 

Ceramic tools can cut four times as fast as 
carbides. In order to utilize this potential 
productivity, machine tools of new design 
are required. Characteristics of such machines 
are outlined. 


Electro-Erosion Machining of Cemented 
Carbides. (in Czech) 

V. Vicha. Strojtvenskad Viroba, v. 7, no. 1, 1959, 
p. 11-14. 

Basic data about the method and examples 
of the process of machining various parts. 


Hard Spots in the Machined Surface. 

Antoni Niedzwiedski. Tooling & Production, 
v. 24, no. 12, Mar. 1959, p. 57-59. 

Tries to explain how, while machining with 
feeds too fine, the cutting edges of milling 
cutters may slide over instead of cut the ma- 
chined metal. These sliding cutting edges cold 
work the machined surface and thus form the 
hard spots. The very common phenomenon 
in finish milling steel with HSS milling cutters, 
known usually under the shop name of ‘‘hard 
spots’’, might not be due to any property of 
the machined metal, but simply to certain 
inappropriate working conditions. 


8.4. Tool wear 


A Photo-Elastic Analysis of Machining 
Stresses on Rake Face. 

Eiji Usui and Hidehiko Takeyama. Journal 
of Mechanical Laboratory of Japan, v. 4, no. 1, 
1958, p. 6-14. 

The stress distributions on the rake face were 
successfully determined photo-elastically by 
using a tool made of epoxy resin. The frictional 
stress on the rake face is uniform over a wide 
range of the tool-chip contact area regardless 
of the varying normal stress thereon, but it 
decreases steeply near the point of chip- 
separation. 


Friction on Relief Face of Cutting Tool. 

M. Okoshi and T. Sata. J. Sci. Research Inst. 
(Tokyo), v. 52, Dec. 1958; 7 fig., 3 ref. 
Friction on the relief face of cutting tools is 
discussed in comparison with that on the 
rake face. Two components of the cutting 
force, shear angle and contact length on the 
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rake face with chip are measured for different 
lengths of contact between the relief and 
machined surfaces. It is found that the 
compressive stress on the relief face remark- 
ably increases with the increase in contact 
length on the relief face, and also that the 
shear stress on the relief face remains unaltered 
by the changes in contact length, feed of tool 
and relief angle. Further, the shear stress on 
the relief face is found about equal to that 
onthe rake face. From these results, itis shown 
that the friction on the relief face can be satis- 
factorily explained as due to metal-shearing 
such as observed on the rake face. 


Neuere Untersuchungen itiber den Zusam- 
menhang zwischen der Spanentstehung und 
dem Standzeitverhalten beim Drehen von 
Stahl mit Hartmetall-Legierungen. 

Recent Investigations on the Relation 
Between the Formation of the Chip and 
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Tool Life when Turning Steel with Carbide 
Tips. 

Giinter Weber. Stahl und Eisen, v. 78, no. 23, 
Nov. 13, 1958, p. 1678-1690. 

Relations between characteristic factors gov- 
erning chip formation: shear stress within 
the shear zone, chip thickness ratio, main 
cutting force, velocity of the chip during 
sliding over the tool face, width of the contact 
area between chip and tool face and average 
pressure on the tool face. 


Evaluating Tool Life. 

D. Peckner and H. Ginsburg. Tool Engineer, 
v. 42, no. 3, Mar. 1959, p. 75-79. 

Statistical methods when applied to tool wear 
testing can predict performance quickly. De- 
scribes a useful technique and illustrates the 
principles with a report of a study performed 
on form-cutters used to machine slots. 


Book Reviews 


ae 


Mechanical Properties of Non-Metallic Brittle M 


atevials, Edited by W. H. WaLTon, Butterworths 


Scientific Publications, London; Interscience Publ., Inc., New York, 1958). 25 X 17 cm; xi + 


492 pp.; numerous figures and tables; price £ 4 
Proceedings of a Conference on Non-Metallic 


.10.0, ($ 12.75) 
Brittle Materials organized by the Mining Research 


Establishment of the National Coal Board in consultation with the Building Research Station 


(D.S.1.R.) and held in London, April 1958. 


The brittle behaviour of metals and polymers has been the subject of many fundamental 
papers, but industry is also interested in the mechanical properties of such complex materials as 
coal, bricks, concrete and rocks, which are heterogeneous even on a macroscopic scale and there- 
fore difficult to study. The British National Coal Board took the initiative in organizing a con- 
ference at which papers were read on work being carried out on coal at their Mining Research 


Establishment, together with contributions 
with related topics. 


from university and industrial laboratories dealing 


These Proceedings, containing the contributions as well as the interesting discussions that 
followed, can be warmly recommended to engineers, physicists and chemists who havea profession- 
al interest in the mechanical properties of solids. There were four Sessions: 

I. Strength in Compression, Tension, Bending and Shear (153 pp.) 8 Papers dealing with 6 


widely different brittle materials. 
Il. Elasticity and Creep (125 pp-) 


7 Papers on the dynamic properties of concrete, ceramics, coals and graphite. 


III. Dynamic Loading, Impact and Fragmentation 


(115 pp.) 


7 Papers on concrete, coal and rocks, their strength properties and the size distribution of 


fragments. 
IV. Action of Tools (85 pp-) 


5 Contributions from the N.C.B. on problems 
on “‘friction between coal and metal surfaces’ 


related to coal ploughing, with a contribution 
’. Other papers deal with the cutting processes 


in ploughing coal and certain similarities with the cutting of metals. iin 
A book of this type does not make easy reading. Most of the contributions refer to work still in 
progress and confront the reader with a mass of data and technical details. This, however, should 
make the work of struggling through the contents worthwhile. 
New applications of dynamic testing, new experimental approaches and accurate data, some 
reported for the first time, are of immediate practical importance in the mechanical technology 


of these brittle solids. 


The volume is well produced and should be a valuable addition to the Library, even of an 


Institute concerned only with metals or polymers. 


G.Sa. 
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Hydvo-Aevodynamics of Lubrication (Hydro-A erodinamica Lubricatiet) (in Rumanian), by N. TIPEI, 
Biblioteca Stiintelor Tehnice, Editura Academici Republicii Populare Romine, Bucuresti, 1957, 
Vol. 1, 24 X 18 cm; 695 pp.; about roo fig. 


The contents of this book, published in Rumanian, are fairly easy to grasp — even without 
a dictionary — for the reader with a knowledge of Latin. A mimeographed English translation 
of the pages of contents is supplied with the book; moreover, the essential parts are mathematical 
deductions, tables and figures, familiar to the specialist. 

The aim of the author is to give a detailed picture of the theory of hydrodynamic lubrication 
and its application to engineering problems. The thorough theoretical treatment is up to date in 
its references to world literature. A greater variety of problems seems to be treated than in most 
other texts; solutions of a number of new problems are also included. The numerical examples 
are taken from Professor Tipei’s own researches as well as from other sources. Only in a few cases 
is theory proved by published experimental work, performed in other laboratories. 

The first three chapters give an introduction to friction and lubricants followed by an exposition 
of the theory of slider bearings (84 pages). The bulk of the book is formed by the following chapters: 

IV. Bearings with constant forces and velocities (243 pages). 

Ve Bearings with no radial clearance (30 pages). 

VI. Bearings with variable geometric elements (90 pages). 

VII. Bearings with variable forces and velocities (70 pages). 

VIII. Stability of motion of lubricated bodies (30 pages). 

IX. A more general study of hydrodynamic lubrication (70 pages). 

X. Gas lubrication (65 pages). 

This book is written for physicists and engineers who wish to specialize in the field of lubrication. 
Numerous cross references, clear printing of the mathematical symbols and welldrawn illustrations 
will assist the reader in finding points of special interest. HB 


G. Sa. 


Notes on Contributors 


H.1I. ANDREwsS, Ph.D., M.Sc., M.I. Mech. E., M.I.E.E.: studied engineering at City and Guilds 
College, London, under Professor W. E. Dalby, and later at the University of Illinois, U. S.A.; 
after working on the New York, New Haven and Hartford R.R. returned to England to work on 
electric traction for the English Electric Co., subsequently on diesel traction for Sir W. G. Arm- 
strong Whitworth & Co. Since 1934 has been in the service of the London, Midland, and Scottish 
Railway, now British Railways, first in the Research Department and later in the department 
of the Chief Electrical Engineer where he now holds the position of assistant electric traction 
engineer (Research) ; author of a number of publications on railway subjects. [See p. 468] 


J. F. Arcuarp: (for biographical note see Wear, 2 (1958/59) 84). [See p. 438] 


PuILuip R. Lancaster, B.Sc. (Eng.) Lond.: born at Bradford, Yorkshire; studied at the College 
of Technology in Bradford and obtained an honours degree in mechanical engineering in 1953. 
From 1953-55 engaged on stress analysis at Messrs. Rolls Royce Ltd.; then spent one year with 
Production Engineering Research Association of Great Britain working on the lubrication of 
machine tool slideways; for the past two years has been at Tube Investments Research Laborato- 
ries, Cambridge, studying the lubrication of metals under cold working conditions; member of 
the Institution of Mechanical Engineers. [See p. 428] 


J. F. OsterLeE: (for biographical note see Wear, r (1957/58) 530). [See p. 416] 


G. W. Rowe: (for biographical note see Wear, r (1957/58) 530). [See p. 428] 


AUTHOR INDEX 


Page numbers in bold face type indicate original articles that have appeared in Wear; page 
numbers in italics indicate biographical notes about the authors concerned. 


ABARBANEL, S.5., 492 
ABBAT, J. P., 160 
ACCINELLI, J. B., 494 
ACHHAMMER, B.G., 400 
Apams, E. W., 244 
ALEINIKOV, F. K., 325 
ALLAN, A. J. G., 407 
ALLEN, C. M., 488 
ANDERSON, A. A., 495 
ANDERSON, O. L., 69 
ANDERSON, W. J., 491 
ANDREW, K. F., 69 
ANDREWS, E.H., 241 
ANDREWS, H. I., 468, 502 
ANTLER, M., 73, 499 
ARCHARD, J. F., 21, 84, 409, 
438 
Arxost, I., 157 
ATACK, D., 237 


BABECKI, A. J., 323 
BackeER, W. R., I61 
BAILLEY, J., 69 
BaKER, A. J. S., 76 
BALLARD, E. C., 157 
BANDETTINI, A., 493 
Barnes, J. F., 411 
BARWELL, F. T., 84, 243 
BasForpD, P.R., 75 
BaskEy, R. H., 496 
Bastion, E. L. H., 407 
BATESOLE, D.E., 158 
BATTERSON, S.A., 491, 492 
Baupry, R. A., 243 
BEAUBIEN, S. J., 494 
BEDELL, H. A., 157 
BpEI mes 240 
BENDERS, J. F., 410 
Benson, R. J., 244 
BENZING, R. J., 154 
Berz, I., 158 
BIERMANN, A. E., 499 
Biees, W. D., 74 
BIKkERMAN, J. J., 70 
BILLIGMANN, J., 157 
BIRCHALL, T. M., 407 
Birkett, K. H., 494 
BirNBAum, Z. W., 159 
BDAC IX D yr 57, 
BoBikER JR., W. S., 243 
BockHorf, F. J., 159 
BoGacHEV, |. N., 498 
BoGponorff, S. M., 492 
Bott, R. O., 407 
Bonn, F.C., 245 
Booker, J. D., 498 
BooseErR, R., 408 


BowpeEv, F. P., 238, 398, 412 
Bowman, L. O., 159 

Boyp, G. M., 240, 490 
Boyp, J., 489 

Braun, A., 240, 323 
BRENNAN, E. W., 73 
Brockway, L. O., 499 
Broce, R.C., 159 

BROLL, Hi. C., 159 

Brown Jr., E. D., 76 
BRUNKLAUS, J. H., 159 
BUCKED Ya) El 70), 405 
BueEcHE, A. M., 71, 168, 248 
BUuECKNER, H. F., 323 
BUKOWIECKI, A., 410 
BurGErR, R. M., 245 
BuRLAKOY, V.S., 243 
Butter, R. H., 244 


Cann, R. W., 240 

CaLKINS, J. M., 409 

CaLow, J. R. B., 410 

CAMERON, A., 491, 496 

CAMPBELL, W. E., 68 

CARROLL, J. G., 76, 407 

CARTER. ler, 70,6058, 244, 
491 

GHAo Bb, LS 162 

CHapmaN, F. M., 407 

CHARTERS, A. C., 498 

CHIESA, A., 241 

Cuistota, V. D., 408 

CHRISTIAN, J. B., 324 

CHUVELEVA, N. P., 497 

CLAISH, S. R., 407 

CLARK Jr., J. M., 494 

CLaRK, M.S., 157 

CLEMENTS, J. F., 410 

CHhORITD PAS. 1Ot 

CLousE, R. D., 411 

Corn, 1 S:, 500 

CoLEMAN, B. D., 241, 490 

COLWELL, L. V., 244, 246 

ComMMANDAY, M. C., 160 

CONSTANTINESCU, V.N., 324 

Cook, Ds; 67 

Cooper, D. H., 148 

Copan, T. P., 69 

CosGROVE, S. L., 488 

CoTrincton, R. L., 68 

CoURTNEY-PRaTT, J.S., 75 

CRANKSHAW, A., 494 

CRAWFORD, T.S., 496 

Crook, A. W., 364, 401, 412 

CrosBy, G. W., 73 

CuNNINGHAM, R. G., 71 

CzERSKI, L., 160 


Dani, W., 157 

Damask, A.N., 154 
Darsow, J. F., 499 
Davies, P. W., 490 
Davis, W. R., 410 
Davison, C. St. C., 59 
Deacon, R. F., 65 

De Decker, H.C. J., 410 
DENNISON, J. P., 490 
Denny, D. F., 264, 328, 409 
DETERDING, J. H., 410 
DETLING, M., 411 

DE VILLEMEUDR, Y., 41I 
DE VRIEs, J., 394 
Dicxason, J. J., 494 
Divers, R. T., 407 
DJATSCHENKO, P. J., 163 
DorenuHorFr, A. E. Von, 493 
IBXehG, Ss, WOT 
DomBrovskalA, N. S., 160 
Dorinson, A., 246 
DRAIGNAUD, P., 499 
DRIESNER, A. R., 75, 241 
DuBININ, G. N., 159, 319 
DuckwortH, W.H., 409 
Dunk, A.C., 241 


EISNER, E., 75 

Ettis, E. G., 407, 495 
ELWELL, R.C., 243 
EMERSON, C., 161 
EpiFranovy, G. I., 321 
Erickson, C.G., 325 
EUGENE, E., 162 


FAIRHEAD, B., 498 
Farnsworth, H.E., 245 
Fatica, N., 324 

Faust, D.G., 157 
Feposov, A. I., 498 

Fein, R.S., 72 

FENSKE, M. R., 242 
FIcHtL, W., 157 

Fink, F. W., 153 

FINLEY Jr., H. F., 67 
FISHLOCK, D. J., 161 
FisHwick, W., 246 
Firzsimmons, V.G., 242 
FLoBERG, L., 157, 158, 408 
Fiom, D. G., 71, 168, 237, 248 
ForsytTH, P. J. E., 491 
FREUDENTHAL, A. M., 490 
Fucus, H. O., 160 

Fupim, L. I., 160 
Fujita, F. E., 323 

Furp, Gey. 259 

Fup, M., 159 


504 


FuLLER, D. D., 158 
FUNKE, P., 157 


GaLPERIN, M. J., 323 
GaAMBILL, C. C., 243 
GeEorGE, T. H., 245 
GIBSON, A., 161 
GiepT, W. H., 323 
GILL, R. M., 411 
GINSBURG, H., 501 
GLeEason, C. B., 151 
Guiuck, P., 399 
GODDARD Jr., F. E., 492 
GOLDEN, J., 493 
GoLeco, N. L., 318 
GoncHAROY, I. M., 160 
Goocu, K. J., 76, 242 
Goop, C.H., 324 
Goopman, J. F., 65 
GoopzEIT, C.L., 243 
Goo., V.E., 127, 164 
GoueH, E., 491 
Goueu, V. E., 107, 146, 147, 
164 
Gowine, D.M., 244 
GREENWOOD, J. A., 239 
GRINDROD, J., 494 
GROBECKER, D. W., 497 
GRUNBERG, L., 498 
GRUNTFEST, I., 409 
GuILINGER, W. H., 243 
GULBRANSEN, E. A., 69 
GwaATHMEY, A. T., 69 


HACKERMAN, N., 67 
Hapy, W.F., 75 
HAKKINEN, R. J., 492 
HALAUNBRENNER, J. B., 423 
Hate, K.F., 158 

Hatt Jr., A. S., 241 
Har, E.R, 411 
HALtner, A. J., 71 
Hatton, J. H., 158 
HALAUNBRENNER, J., 80 
Hamrin, B., 500 
Harpman, J. H., 147 
Harmon, R. E., 243 
Harrin, E.N., 491, 492 
Harris, W. J., 241 
Hays, D. F., 491 
Hazarp, H. R., 399 
Hersey, M.D., 242 
Finn, EbiG,, 409 
Hrrano, F., 349, 4r2 
Hirst, W., 243 

FLOARSS 1, Pan 497, 
HorstTaTter, A. F., 160 
Hoirapay, J. W., 133, 164 
Hout, E., 82 

Hou, R., 82 

Honpa, K., 498 
Horc_Er, O. J., 325 
Horton, E. A., 493 
HortrTen, B. W., 76 


AUTHOR INDEX 


Hovusott, J. C., 497 
HuBER, A. W., 497 
HurFincton, J. D., 399 
HUuGEL, G., 495 
Hucues, H.L., 311, 328 
HueueEs, W. F., 158 
Huei, Ro 245 
Hung -).B., 241) 323 
Hutcuinson, E. R., 160 


Isutyama, K., 498 
IsLER, W.E., 493 
i bixoln NaS sti: 

Ito, S., 498 


Jacosson, M. J., 158 
JaGcGcER, E.T., 496 
Jaxossson, B., 158, 408 
James, D. L., 183, 248 
JENKINS, D.C., 498 
Jounson, C. A., 245 
Jounson, H. H., 75 
JouHNSON, R. C., 240 
Jounson, R.L., 70, 75, 495 
Jones, R. A., 493 

JOST) hie Bo 242 


KapMe_ER, E. H., 163 
KALASHNIKOVA, I. V., 158 
KANEZO, R., 158 
Kantor, M. M., 410 
KaAuFMAN, H.N., 489 
IA YS ob 70 

KENNEDY, W. B., 245 
KERR, S. L., 324 
KEYSER, W. B., 408 
KHARITONOV, A. M., 409 
KuHROMOV, V. E., 403 
KiBBEY, D. R., 162 
KIEFER, W. C., 157 
KINGSBURY, E. P., 242 
Kuaus, E. E., 242 
KLITENICK, G.S., 127, 164 
KOCHERGIN, S. M., 244 
KGOLBL, F., 412 

Kou, R.C., 499 
KOL’CHENKO, A. V., 159 
KOoLcuin, O. P., 497 
Kostetskir, B. I., 318 
KOVALEV, L. K., 407 
KREvZ, KL. 72 
IXRONENBERG, M., 246 
Kuun, E. C., 243 
Kunin, I. A., 9 
KUPRIASHIN, N.N., 407 
KuzNETsov, V. D., 493 


LADYZHENSKAYA, F. M., 160 

LANCASTER, P. R., 428, 493, 
502 

Lawrason, G.C., 494 

LEaMAN, P. R., 500 

Legs, H. D., 273, 328 


VOL. 2 (1958/59) 


LE GRAND, R., 245 
LENGYEL, T., 157 
LEont’Ev, A. V., 244 
LERNER, R., 75 
LEVENGOOD, W.C., 241 
LEVINE, O., 68 
Lewis, K.G., 325, 410 
Lewis, P., 496 

Lewis, R. D., 398 
Licnt, des 158 
LIKHTMAN, V. I., 408 
LINFORD, H. B., 244 
Line, F. F., 245 
LockE Jr., G.S., 498 
LoresB, A. M., 496 
LorseER, E. H., 493 
LosxkutTovy, A. I., 493 
Lugec, W., 157 

Lunp, H., 500 
LunpgBorG, A., 141 
Lyncu, J. F., 409 


MAcLaAREN, R. J., 147 
McINDoE, K., 325 
McLean, D., 240 
McQuistTon, C. E., 324 
MaAGER, A., 492 

MaaiE, W. A., 407 
MANDELL, M., 410 
MARLES, A. J., 494 
Marcuccl, M.A., 75 
MatTvEEvsky, R.M.,315, 328 
MaAuRAKH, A. A., 159, 318 
MERCHANT, M.E., 73, 161 
METHVEN, T. J., 498 
MIKHAILOVA, P. K., 162 
MILLER, A., 495 

MILLER, N. B., 160 
MILLER, P. D., 133, 164, 411 
MILNE, A. A., 28 
Mitwitsky, B., 492 
Mints, R.I., 498 
MISHARIN, J. A., 401 
MISHKEVICH, R. I., 160 
MITCHELL, E., 411 
MONTALBANO, J. E., 324 
MontTGomeEry, W. E., 245 
Moore, A. I. W., 407 
Moore, H.D., 162 
Moore, W. H., 410 
Mortet, J. G., 75 
Morris, N. R. W., 494 
MrRoweEc, S., 160 
Murray, S. F., 496 
Mourtay, K.N., 243 
Myatt, D. J., 324 


NAGATOMI, S., 162 
Naier, C. H., 242 
Nakajima, K., 324 
NEEDS, S. J., 243 
NEIFERT, H. R., 325 
NEsvizHsku, O. A., 159 
NeEwna\, A. D., 242 


VOL. 2 (1958/59) 


NEwMaAN, S. B., 400 
Niepytski, L. M., 499 
NIEDZWIEDSKI, A., 500 
NijMAN, J., 161 
NogESKE, O. W., 411 
Norman, T. E., 244 


OcpEN, H.R., 409 
OxKamotTo, J., 158 

OxosulI, M., 500 

Oxusa, K., 162 

OKUSHIMA, K., 162 
Oxrivers €)S:, 71 

ORBECK, F., 408 

OsTERLE, J. F., 158, 195, 416 


Pattwopa, E. J., 246 
PAvacov, Vi P., 242 
PECKNER, D., 497, 501 
PELLINI, W.5S., 323 
PENNEY, D. L., 159 
PEOPLES, R.S., 153 
PETRONIO, M., 494 

PuHittirs, C. E., 159 
PIETSCHMANN, E., 335, 4172 
PILARCZYK, K., 68 
PINCHBACK, C., 159 
PINEGIN, S. V., 158 
PoOBEDIMSKH, G. R., 244 
PoGopINa-ALEKSEEVA, G. I., 


PocopIna-ALEKSEEVA, K. M., 
he) 

PoONCELET, E. F., 490 

PotTeER, C. R., 243 

Prosvirin, V.I1., 498 

’PREOTESCU, O., 456, 485, 486 

Puzak, .P. P.,-323 


Quirk, J. F., 409 


Rapinowicz, E., 4, 66, 84, 
243, 407 
RADEKER, W., 160 
Rao, M. R. K., 243 
RarRaty, L. E., 397 
RASSOKHIN, V. I., 162 
RATNER, S. B., 75, 127, 164 
REBINDER, P. A., 408 
Reev, E.C., 161 
REICHENBACH, G.S., 162, 494 
RuoveE, R. V., 497 
RicHarpson, E.G., 97, 164 
Ricuarpson, H.H., 409 
Ries Jr., H. E., 66 
RiprEt, H.C., 496 
RoBERtTs, G. B., 147 
Ropzevicu, N. V., 158 
Root, S. A., 496 
Rose, H.E., 325 
ROSENBERG, K., 324 
Rounps, F. G., 72 
Rowe, C.N., 72 
Rowe, G. R., 493 


AUTHOR INDEX 


Rowe, G. W., 428 
RozeEanu, L., 456, 485, 486 
RUBENSTEIN, C., 85, 164, 296 
Ruporrr, D. W., 237 
Ruw’Koy, V.1., 158 

Rura, M. A., 162 
RYABCHIKOVA, O. A., 160 
Ryasov, V. A., 407 

RyYpDER, D. A., 490 


SACKERSON, G., 159 
SAIBEL, E., 245 
SAIBEL, E. A., 243 
SafFULLIN, R.S., 244 
Satomon, G., 1, 165, 249, 413 
SAMUELS, L. E., 499 
SANDERS, J. V., 499 
SATA, T., 500 
SAUNDERS, S. C., 159 
SavaGE, M. W., 159 
SAWYER, R. H., 491 
SCHALLAMACH, A., 75 
SCHLIER, R. E., 245 
SCHRECKENDGUST, J. G., 244 
ScHuLMAN, J. H., 67 
SCHULTZE, G. R., 76 
ScHwartTz, A. A., 496 
SCODE, De rgs 
SERPIK, N. M., 410 
SHasHouva, V. E., 398 
SHaw, M.C., 74, 217, 248 
SHEARER, A. W., 241 
SHEARER, G. R., 148 
SHEINBERG, S. A., 409 
SHEPARD, L. A., 323 
SHERWOOD, E. M., 409 
SHOTTER, B. A., 402 
SIBLEY, L. B., 488 
SIEKMANN, H. J., 246, 325, 
500 
SIGALLA, A., 492 
Sitin, A. A., 159 
Simon, R., 500 
Srtmonis, F. W., 161 
Sisko, A. W., 495 
SLINEY, H. E., 495 
Smirnov, A. V., 160 
SmitH, F. W., 250, 328 
Sorasa, V., 40, 64, 84, 311 
SoLNnTSEV, P. I., 160 
SPENCE, G., 411 
Sprtsyn, N. A., 158 
SPRAGUIBy On its, 7 
STAPLES, C. W., 242 
STERNLICHT, B., 158, 243 
SrouGH, D. W., 153 
Strout, H. P., 399 
Strauss, E. L., 160 
Srrou, A. N., 240 
STUBBINGTON, C. A., 491 
Sucimoto, Y., 329, 412 
SuLLIVAN, R. M. E., 325 
SuTokI, T., 324 
SweED, J. W., 498 


595 


SYDOR, Hy), 242 


TaBoR, D., 237, 397, 412 
TAKEYAMA, H., 161, 246, 500 
Taal, Y., 228, 248, 324 
TANAKA, T., 245 
TANNER, R. I., 497 

Tao, L.N., 408 

TATE, R. W., 399 
TESTERMANN, M. K., 410 
TIMERBULATOV, M.G., 403 
TINGLE, E: D:, 76 

TipPE!I, N., 502 

Tosias, S. A., 246 

TONER, S. D., 400 
TopeKHA, P. K., 318 
Toure, K., 75 

TOURRET, R., 76 

Trent, Ba M:; 487 
TRIGGER, K. J., 162 
TRILLING, L., 492 
Troiana, A. R., 75 
TRUSHIN, I. K., 161 
Twiss,o765. 755 242) 493 
TWITCHELL, F., 245 


Usut, E., 161, 246, 500 
Utsumi, T., 158 
WzHik. Gr Vi~ 323 


Vacu, A., 323 

Van AMERONGEN, C. J., 410 
Van RooOYEN, D., 69 

Vas, 1. Bs 492 

VEILER, S. Y., 408 
VENKATESWARLU, A., 244 
VicHaA, V., 500 

Vinitsku, A.G., 404 
VINOGRADOV, G. V., 242 
VINOGRADOV, I. M., 160 
VISHNIAKOV, V.A., 242 
VISHNYAKOV, D. Y., 404 
VOGELPOHL, G., 83 
Vorarovicu, M. P., 203, 248 
VOZDVIZHENSKIi, G.S., 244 


WAGNER, P., 75, 241 
WAINWRIGHT, C., 158 
WALKER, P. B., 491 
WALLQUIST, G., 500 
WALSH, A., 241 
Watton, W. H., 501 
WatTABE, K., 75 
WATERFALL, F. D., 498 
WEBER, G., 501 
WEGNER, U., 245 
WeIsMAN, M. H., 76 
WELCH, J., 162 
WERBER, T., 160 
Waite, E. L., 411 
WHITEHEAD, B., 161 
Wuitton, P. W., 241 
Wuittum, W.C., 76, 242 
WIGGLESWoRTH, V.B., 237 


506 AUTHOR INDEX VOL. 2 (1958/59) 


WILD, M., 160 WILLIAMSON, J. B.P., 238, LAAT) \eutl ep oo 
WILkins, M. E., 499 239 ZANG, V.E., 409 
WILtis, Ro. 157 Woop, W. L., 496 ZETTLEMOYER, A.G., 68 
WILPUTTE, R., 499 Wricut, K. H.R., 243 ZIMMERMAN, J. R., 245 
WItson, P. J., 242 Wunscu, H. L., 324 ZISMAN, W. A., 68, 242 
WiguisT, R.C., 493 ZMIHORSKI, E., 500 
WISANDER, D. W., 75 Yamamoto, S., 349 Zoorkova, A.A., 323 
WIsE, W. W., 243 YaMAmorTo, T., 495 

WISTREICH, J. G., 325 


SUBJECT INDEX 


Page numbers in bold face type indicate original articles that have appeared in Wear, 


Abraded tyre treads, 147 

Abrasion characteristics of plastics materials, 
75) 

—, high-stress, resistance of steel castings 
to, 244 

— of insect cuticle by aqueous suspensions 
of small particles, 237 

—, methods for measurement of, 336 

— pattern on polyvinyl chloride, 188 

— ridges on gum rubber, 187 

—, tyre, 410 

—of vulcanized rubber against wire gauze, 
127 

Abrasive effect of thermosetting moulding 
compounds, 141 

— tumbling to improve fatigue strength, 491 

Abrasives, effect of, in lubricating oils, 351 

—, new, 325 

Abrasivity test, 499 

Additive, phosphorus, effect of composition 
on metallic wear, 73 

Additives, 163 

—, chemical, for control of lubricant friction 
characteristics, 71 

—, effect on crankcase oil filterability, 157 

—, fatty, interactions with wear debris, 228 

—, influence on friction and lubrication, 70 

Adhesion of metals at room temperature in 
air, 69 

—and strength properties of ice, 397 

— theory of friction, 38 

Adsorbed fatty acid and amine monolayers, 68 

— water, effect on friction and wear prop- 
erties, 68 

Adsorption of polar organic compounds, 67 

— of radiolabeled 2-hydroxystearic acid from 
solution onto solid surfaces, 67 

Alloys, copper-zinc, sulfurization of, 160 

Aluminium, lubricants used in drawing of, 494 

—, new hard coat for, 324 

Aluminizing engine valves with induction 
heating, 411 

Amontons’s law, 86, 222 

— —, deviations from, 94, 297 

Analysis, geometrical, of wear and surface 
finish, 42 

—and testing, 159 

Anisotropic surfaces, influence of on the roll- 
ing resistance of a cylinder, 80 

Anisotropy of the base, effect on rolling fric- 
tion, 423 

Antifriction materials, 80 

— properties of steels, increase of by chlo- 
rination, 160 


Apparatus for measuring the sound absorp- 
tion due to nuclei, 98 

— for sliding-contact studies at controlled 
ambient conditions, 68 

Atmosphere, influence on the lubricity of 
fatty additives, 233 

Autoradiography used to study cathodic me- 
tal deposits, 244 


Babbitting by centrifugal force, 408 

Barrelling technique, 161 

Bearing lubrication, rollneck, 76 

— materials, selection of, 408 

— metals that will not seize, selection of, 243 

— performance, method of calculating, 16 

Bearing(s), 157, 243, 324, 408, 495 

—, air, design data for, 324 

— for aircraft hydraulic pumps, 243 

—, air-lubricated, 158, 409 

—, anti-friction, 494 

—, ball, critical speeds induced by, 495 

—, —, effect of fibre orientation, 158 

—, —, pivot type, rotation of, 158 

=, —andiollemy plastic, 324) 

—, —, steel, structural conditions in, 158 

—, crankshaft pin, lubrication of, 456 

—, dry, 243 

—, electrical currents in, 489 

—,, flexible, 324 

==, PCELONMEy Tt 

—, gas, compensated, 409 

—in high-temperature aircraft electrical ac- 
cessories, 496 

—, hydrostatic, optimum proportions for, 496 

—, —, to support rotor, 408 

—, journal, with an elastically bent shaft, 
theory of lubrication of, 329 

—,—, gas-lubricated hydrodynamic, 243 

—,—, viscosity-pressure effect on friction 
and temperature in, 243 

—, lead bronze, manufacture of, 496 

—., lubrication of, 84 

—, pad-type, hydrodynamic theory of lubri- 
cation of, 9 

—, pressure-fed, 324 

—, rectangular plane pad, 408 

—, reliable sliding —, 83 

—, roller, cylindrical, 158 

—, —, distribution of static pressures, I 58 

—, —, hydrodynamic lubrication of, 195 

—, —, research on, 158 

—, —, strength and wear-resistance of, 158 

—, roll neck, 159 

—., rubber, reducing friction in, 159 


—, slipper, 409 


508 SUBJECT INDEX 


Bearing(s), short journal — with turbulent 
flow, lubrication in, 408 

—, sleeve, nylon-clad, 159 

—,slider, effect of heat conductance on 
characteristics of, 243 

—, thrust, influence of load and thermal 
distortion on, 243 

—, — ball, lubrication of, 494 

—, water-lubricated, for marine use, 242 

Blast cleaning of steel work, 160 

Boundary friction, 78 

Boundary-layer transition measurements, 493 

Braking wear, 118 

Brinell hardness, influence on wear, 279 

Butadiene rubber, 128 


Carbide tools, wear of, in finish turning of 
steel, 40, 64 

Carbon black, 129 

— tetrachloride as a lubricant, 220 

— —, role of in cutting, 222 

Castor oil lubricating steel surfaces, 250 

Cavitation erosion, index of by means of 
radioisotopes, 324 

—, mechanism of, 97 

— in organic liquids, 104 

— resistance of electrodeposited chromium, 
403 

—, two types of, 102 

—of water submitted to continuing pres- 
sure, 100 

Cement mill lubrication, 157 

Ceramic materials in a laboratory rocket 
motor, 409 

— tools in finish turning of steel, 64 

Ceramics for machine tools, 411 

—, material for gauges, 325 

Chatter of lathe tools, 246 

— vibrations in grinding operations, 161 

Chemical atmosphere effects in the frictional 
behaviour of molybdenum disulphide, 71 

Chemistry of friction and wear, symposium 
on, 66 

—, physical, of cutting fluid action, 73 

— in the six regions of sliding, 70 

Chip formation, 162, 245, 501 

Chromium, electrodeposited, cavitation resis- 
tance of, 403 

Chromizing method, 160 

Cleaning, blast, 160 

—and preparation of metals, 244 

— prior to metal finishing, 161 

— by ultrasonic methods, 160 

Coating aluminium, 324 

—, internal pipe —, 243 

—wire with phosphate and waterglass, 160 

Coatings, aluminium, on titanium and tita- 
nium alloys, 149 

—, chemical conversion, on titanium, 139, 
150, 411 

—, electroplated metal — on titanium, 149 

—., fluoride-phosphate, 150 

—, metallic, on titanium, 138 

— for preventing galling, 136 


VOL. 2 (1958/59) 


Coefficient of disk friction in turbulent 
regions, 407 

— of friction, 401 

= -=— of indiumy 92 

— ——of metals, 85 

——.— values for lubricated titanium sur- 
faces, 137 

Cold-rolling trials, lubrication in, 157 

Conduction, electrical, in solids, 238 

Conductors, temperature-dependent, theory 
of, 239 

Conference on fracture, fatigue, and failure, 
Leeds, January 1959, 163 

—on friction, wear and lubrication of ma- 
chines, Moscow, April 1958, 77 

— on lubrication, Los Angeles, October 1958, 

07 

mat lubrication and wear, London, October 
1957, 497 

Construction materials, review of, 409 

Contact between a locomotive driving wheel 
and the rail, 468 

—of metallic bodies; effect of tangential 
force, 75 

— resistance, 229 

—, rolling, 256 

— between solids, influence of passage of 
current on, 238 

— stresses, normal, 108 

— —, tyre-to-ground, 107 

— systems, concentrated, lubricant beha- 
viour in, 250 

Cornering characteristics of tyres — an im- 
proved method for their determination, 146 

— force machine, Dunlop, 147 

— forces and stresses, 120 

— wear, 118 

Corrosion, 243 

— behaviour of non-siccative oils and fats, 410 

— fatigue in alloys, 491 

—.,, fretting, of cast iron, 243 

—, —, and fatigue failure, 159 

— products of gas-metal reactions, 69 

— of titanium, 153 

Crack initiation and propagation, 74 

—-—, dependence on hydrogen concentra- 
tion, 75 

Cracks, ‘‘non-propagating’’, in metal fatigue, 
241 

—, propagation of, 323 

Creep, intergranular fracture processes in, 490 

Crossed-cylinders friction machine, 21 

Crystal habits of the corrosion products of 
gas-metal reactions, 69 

— surfaces, single, nature of wear track pro- 
duced by sapphire and metal points, 69 

Cutting fluid action, physical chemistry of, 73 

— fluids, metal, action of at low speeds, 
74, 217 

— —, method for studying behaviour of, 244 

— —, technique for evaluating, 411 

— —, types and properties of, 407 

— forces, effect of chip compression on, 246 

— of lead, 225 


VOL. 2 (1958/59) 


Friction, metal, 162 

—, —, electrical phenomena in, 311 
— -tool wear, 246 

— tools, 325 

— velocity in metal machining, 245 
Cylinder wear, 159 

—-— jin marine diesel engines, 273 


Damage, surface, caused by polyvinyl chlo- 
ride sliding on steel, 183 

Damaging, effect of, on the lubricity of 
fatty additives, 230 

Deformation, 74, 240, 323, 490 

—, elastic, 443 

—., plastic, 443 

Directional frictional effect in textile fibres, 
304 

Disc machines, 378, 402 

Dislocations, 240 

Drawing force and die pressure in wire 
drawing, 241 

— of steel bars, 431 

Drilling, 500 

Dust discharge tubes, wear of, 395 


Effectiveness of a lubricant film, 66 

Elasticity, anisotropic, dislocations and 
cracks in, 240 

Elasto-hydrodynamic conditions, tempera- 
tures in, 450 

Electric contacts handbook, 82 

Electrical conduction in solids, 238 

— currents in bearings, 489 

Electricity, static, in polymers, 398 

Electrodeposits, nickel, 244 

Electro-erosion machining of cemented car- 
bides, 500 

Electronic-machining processes, 245 

Electroplating, 244 

Energy of elastic deformation, 323 

—equation and Reynolds’ equation, joint 
solution of, 12 

Erosion, 243, 324 

—, cavitation, 497 

—,rain, of Perspex, 498 

—, surface, of filled plastics, 400 

— in turbojet fuel nozzles, determination by 
radiochemical techniques, 399 

— wear, protection from, 498 

Extreme pressure lubrication, chemical na- 
ture of, 495 


Fatigue, 490 

— fracture surfaces, examination of, 490 

— life, effect of lubricant viscosity and type, 
491 

— —, rolling-contact, 76 

—of a nut and bolt, 491 

— strength improved by abrasive tumbling, 
491 

Feeders, rotating table, wear of, 395 

Flank wear of tools, 162 

Flash temperature theory, 438 

Fibre assemblies, friction of, 399 

Fibres, mechanical breakdown in, 241 


SUBJECT INDEX 509 


Tibres, strength of, 490 

Film geometry effects in hydrodynamic gear 
lubrication, 416 

—, hydrodynamic, thickness of, 380, 401 

— thickness, 262 

— - between mating involute gear teeth, 
equation for, 417 

Finish, surface, influence on gear-tooth per- 
formance, 402 

— turning of steel, 40, 64 

Four-ball machine, 350, 488 

— — — for oil-testing, 316 

— — test on lubricating oils containing solid 
particles, 349 

Fretting corrosion, 159, 243, 324 

Front suspension and tyre wear, 148 

Fracture, 74, 240, 323, 490 

—, brittle, 240, 490 

—,—, of steels, 323 

—., cleavage, initiation of, 240 

— of crystals, dislocation theory of, 323 

— mechanism of semi-brittle steels in torsion, 
Py tSk BPE} 

— of metals, 74 

— processes, intergranular, 490 

—, sudden, of machine parts and structure 
elements, 323 

— surfaces, markings on, 490 

—., transgranular and intergranular, of ingot 
iron during creep, 323 

Friction, 75, 241, 318, 407, 491 

—, influence of additives on, 76 

— and bearings, 77 

— characteristics of plastics materials, 75 

— coefficients of graphite, 241 

—-— — —at extreme temperatures, 75 

—— of metals, 85 

— — of indium, 92 

—, influence of conditions of on the magni- 
tude of the friction coefficient, 401 

—, dry and boundary, 78 

— experiments with a soft solid, 28 

— of fibre assemblies, 399 

— of fibres ,yarns and fabrics, 296 

—., fluid, of rotational rough disc in a rough 
vessel, 75 

—., historical survey of our knowledge of, 76 

—— machine, crossed-cylinders, 21 

ae LOtary, OU 

— —, sliding, 252 

— materials, 80, 241 

— —with defined friction coefficient, 81 

properties 01,75 

—— measurement by means of the crossed- 
cylinders friction machine, 21 

— of metals, coefficient of, 85 

— parts, wear of, during running-in, 486 

— pendulum, 229 

—, piston-cylinder and shaft-bearing —, 203 

— of polytetrafluorethylene dry bearings, 242 

—, present knowledge of, 80 

— problems in the ATAR turbojet, 75 

as resistance to shear of thin surface layers 
on solids, 321 


510 SUBJECT INDEX 


Friction, rolling, effect of anistropy of the 
base on, 423 

—,—, preliminary theory of, 174 

— of rubber, 491 

— — —, mechanism of, 75 

— ofa shaft in a bearing, 211 

—, shear, of a piston in a cylinder, 205 

—, sliding, 251 

—., static, 68 

—, —, of lubricated rubber, 264 

—of steel on steel, influence of lubricant 
composition on, 72 

— studies of various materials in liquid ni- 
trogen, 75 

—, surface, and dynamic mechanical proper- 
ties of polymers, 168 

—, —-, of fabrics, 305 

— during tests of landing gear, 492 

—-, tyre-to-surface, 491 

—~, tyre, on wet surface, 492 

-—and wear, chemistry of, symposium on, 66 

-——-— of corrosion-resistant metals lubri- 
cated by reactive gases at temperatures 
to 1200°F, 70 

—  — — in machines, 247 

— ——, influence of mixed monolayers of 
surface-active agents on, 67 

—~— — properties of adsorbed fatty acidand 
amine monolayers, 68 

— — — — of titanium, 133, 149 

— — —, reduction by fatty acid lubricants, 
72 

—-——— research, in U.S.S.R., 77, 247 

— — — —, in Poland, 80 

— — — —, in India, 81 

—, wear and lubrication of machines, con- 
ference on, 77 

— of wood, 237 

— of yarn, influence of temperature, 302 

—— —, effect of velocity, 303 

Frictional behaviour of molybdenum disul- 
phide, 71 

— characteristics of lubricants, control of, 71 

— force, dependence on fibre diameter, 
300 

— —, dependence on humidity and moisture 
content, 301 

——, dependence on surface roughness, 300 

— properties of TFE fluorocarbon resins, 407 

— temperature rises on rubber, 75 


Galling, prevention of, 136 

Gear lubrication, hydrodynamic, film geo- 
metry effects in, 416 

— materials, fine-pitch, wear characteristics 
of, 244 

— -tooth performance, influence of surface 
finish on, 402 

Gears, steel, casting and heat treating of, 409 

—, wear of, 394 

Grain boundaries in metals, 240 

Graphite, friction coefficients of, 75 

Grease bleeding, 407 

Greases, compatibility of, 76 


VOL. 2 (1958/59) 


Greases, industrial, pumpability and heat 
stability, 407 

—, lubricating, 494 

—, —, radiation damage in, 76 

Grinding, 161, 245, 325, 500 

—, ball-mill, 161 

— ball size selection, 245 

—, basic mechanics of, 161 

— conditions, influence on residual stresses 
in titanium, 161 

—hard metals with electrically conducting 
abrasives, 161 

— techniques, new, 325 

Grit blasting of surfaces to improve lubri- 
cation, 434 


Halogen-containing gases as boundary lubri- 
cants for corrosion-resistant alloys, 495 

Hard coating titanium, I51 

Hardening, surface, developments in, 411 

Hardness, 411 

— measurement, 240 

—, rheological aspect of, 323 

—, scratch, 324 

Hydraulic fluids and lubricants, 76 

Hydro-aerodynamics of lubrication, 502 

Hydrocarbon oils, non-polar, boundary lubri- 
city of, 324 

Hydrogen concentration and crack initia- 
tion, 75 

Hydrodynamic film, thickness of, 380, 401 

— gear lubrication, film geometry effects in, 
416 

— lubrication, 457 

— — of ball and socket joints, 497 

— — of roller-bearings, 195 

— theory of friction and bearings, 77 

— — of lubrication of pad-type bearings,9 


Ice, adhesion and strength properties of, 397 
Impact forces in mechanisms, 240 

—, high-speed, 498 

Indium, coefficient of friction of, 92 
Internal stresses and fatigue in metals, 490 


Journal bearings, 158 
— —, finite, vaporization in, 158 
— —, infinite, vaporization in, 157 


Lamellar solids, lubrication by, 65 

Lead-monoxide-base coatings, 495 

Levelling, method of, for solving Reynolds’ 
equation, 13 

Life-length of materials, statistical model 
for, 159 

Load, effect on static friction, 268 

Loads, light and heavy, effect on boundary 
lubricants, 428 

Locomotive driving wheel and the rail, 
contact between, 468 

Looseness of wear fragments, effect of size 
on, 4 

Low-temperature rheological properties of 
lubrication oils, 204 


‘a 


VOL. 2 (1958/59) 


Lubricant base stock, effect on rolling-con- 
tact fatigue life, 76 

— behaviour in concentrated contact sys- 
tems, 250 

—, boundary, thermal desorption of, 242 

— composition, influence on friction of steel 
on steel, 72 

— film, effectiveness of, 66 

— layer, motion in, effect of turbulence on, 
324 

— oxidation and wear, relationship between, 
We 

— oxidation in wearing systems, 72 

— polytetrafluoroethylene, 76 

— tests by photography, 159 

— viscosity and type, effect on fatigue 
life, 491 

Lubricants, behaviour under high-level ra- 
diation, 494 

—, boundary, under light and heavy loads, 
428 

—, dry powdered, evaluation in a four-ball 
machine, 488 

—, dry-film, application in plain bearings, 76 

—, dye-casting, 157 

—, frictional characteristics, control by chem- 
ical additives, 71 

—., glass, in metallurgy, 407 

—and hydraulic fluids, new, for high tem- 
peratures, 76 

— for kiln car bearings, 157 

—, liquid and dry powder, 76 

—, machine, on a mixed and lead basis, 157 

—, mechanism of action in the working of 
metals, 408 

—, effects of metals on, 324 

—, petroleum, their application in nuclear 
plant, 242 

— for preventing galling, 136 

—, radiolysis and radiolytic oxidation of, 76 

—, refrigeration, 407 

—, effect on static friction, 269 

—, solid, in lubricating oils, 351 

—, surface-active, effect on the drawing of 
metal wire, 408 

—, viscosity of, 456 

Lubricated rubber, static friction of, time 
effects in, 264 

Lubricating capacity of mineral oils, influence 
of low temperatures on, 315 

— greases, rust-preventive properties of, 
244 

— —, radiation damage in, 76 

— materials, 77 

—oils containing solid particles, four-ball 
test on, 349 

— —, effect on the wear of bearings, 242 

Lubrication, influence of additives on, 76 

—, boundary, of railroad journal bearings, 
495 

—in cement mills, 157 

— in cold-rolling trials, 157 

— of corrosion-resistant metals by reactive 
gases, 70 


SUBJECT INDEX 511 


Lubrication by means of felt pads, 395 

—, fog, of machine tools, 157 

—, historical survey of our knowledge of, 76 

—, hydro-aerodynamics of, 502 

—, hydrodynamic, of ball and socket joints, 
497 

—, — gear —, film geometry effects in, 416 

—, —, of roller-bearings, 195 

—, imperfect, experiments on, 242 

—, industrial, 494 

—, interactions of wear debris with fatty 
additives, 228 . 

— in journal bearings with an elastically bent 
shaft, theory of, 329 

— by lamellar solids, 65 

—and lubricants, 76, 157, 163, 242, 324, 
ACT AIS 

—, mechanism, 493 

— oils, low-temperature rheological proper- 
ties of, 204 

— with organometallics, 73 

—of pad-type bearings, hydrodynamic 
theory of, 9 

—, pneumodynamic journal bearing —, 158 

—, roll-neck bearing, for rubber and plastics 
calenders, 76, 242 

—science and technology, 248 

—Jin short journal bearings with turbulent 
flow, 408 

— by solids at elevated temperatures, 488 

—, some studies of, 364 

— of titanium, 324, 411 

— of yarns, effect of, 306 

Lubricity, boundary, of non-polar hydrocar- 
bon oils and their mixtures, 324 


Machinability of tools, 487 

Machine slides, friction and lubrication of, 407 

Machines, disc, 378, 402 

—, pin-and-ring, 365, 448 

Machinery, improvement during the Renais- 
sance, 59 

—,retrogression of, after decline of Roman 
Empire, 59 

Machining, 161, 245, 325, 411, 500 

—, high-speed, 245 

—, spark, principles and applications of, 237 

—, ultrasonic, 162 

Materials, 497 

— of construction, review of, 409 

— life-length of, statistical model for, 159 

—, non-metallic brittle —, mechanical prop- 
erties of, 501 

Mechanical breakdown in fibres, statistics 
and time dependence of, 241 

— properties of polymers, 71, 168 

Metal(s), adhesion of, at room temperature in 
air, 69 

—, coefficient of friction of, 85 

—, corrosion-resistant, friction and wear of, 
70 

— cutting, 162 

— —, electrical phenomena in, 311 


512 SUBJECT INDEX 


Metal cutting fluids, action at low speeds, 
74, 217 

— exposed to different types of wear, chem- 
ical analysis of surface layers of, 318 

—, future, 409 

—, internal stresses and fatigue in, 490 

—, less common, 409 

—, machinability of, 161 

—,mechanochemical attack on, 497 

— particles, stationary, ignition of firedamp 
by, 398 

— powder, effect of, in lubricating oils, 351 

— polishing, 161 

—, protection of, at high temperatures, 160 

— shaping, theoretical principles in, 323 

— spraying applications, 411 

— for supersonic aircraft and missiles, 497 

— surfaces, mechanically polished, 499 

—, wear of, 409 

— -working by electro-erosion, 161 

Metallic coatings on titanium, 138 

— wear, effect of phosphorus additive com- 
position on, 73 

Meyer hardness, 87 

Mills, ball, tube and rod, internal mechan- 
ics of, 325 

Mixer, moulding-sand —, wear of, 394 

Molybdenum disulphide, a dry lubricant, 242 

— —, frictional behaviour of, 71 

Monolayers, adsorbed fatty acid and amine, 
friction and wear properties of, 68 

—, mixed, of surface-active agents, 67 

Moulding compounds, abrasive effect of, 


141 


Nitriding of structural steels, 160 

Nitrogen, liquid, friction studies of various 
materials in, 75 

Nylon-clad sleeve bearings, 159 


Oil additives for boundary lubrication of 
railroad journal bearings, 495 

Oils and emulsions for lubrication, 157 

—, mineral, lubricating capacity of, 315 

—, radiation-resistant, development of, 407 

Organic compounds, polar, effect of adsorp- 
tion of — on the reactivity of steel, 67 

Organometallics as lubricants, 73 


Particle size, experimental observations, 6 

— —, effect on looseness of wear fragments, 4 

Particles in lubricating oils, effect of various 
factors on, 356 

Perspex, wear of, 448 

Petroleum, lubrication and related subjects, 
international bibliography of dictionaries 
and glossaries of, 326 

Phosphorus additive, effect of composition 
on metallic wear, 73 

Pin-and-ring machines, 365, 448 

Piston-cylinder friction, 203 

— ring wear, 410 

Pitting, 390 

— failure, 498 


VOL. 2 (1958/59) 


Plastic laminates, heat-blast erosion effects 
on, 160 

—, selection of, for abrasion resistance, 160 

Plastics, filled, surface erosion of, 400 

—, friction and abrasion characteristics of, 75 

— for nose cones, 409 

Plexiglas, dynamic mechanical properties of, 
170 

—, sliding of steel on, 169 

Plug-gauges of steel, surface finish and wear 
of, 64 

Polishing, 325, 410 

—, mechanical, 245 

—, metal, 161 

Polyethylene, dynamic mechanical proper- 
ties of, 174 

—, steel sliding on, 173 

Polymers, high, wear of, 448 

—, static electricity in, 398 

—., surface friction and dynamic mechanical 
properties of, 71, 168 

Polytetrafluorethylene bearing materials, 497 

—as a lubricant, 76 

—resin, thin films of, as lubricants and 
preservative coatings for metals, 242 

Polythene, wear of, 448 

Polyvinyl] chloride sliding on steel, 183 


Radiation damage in lubricating greases, 76 

—, effect on lubricants, 494 

— -resistant oils, development of, 407 

Radioactive sodium stearate used as lubri- 
cant, 493 

— study of phosphorus in the extreme pres- 
sure film, 493 

— tracers, for measuring bearing wear, 159 

— w— used to study transfer, 371 

Radiochemical techniques for measuring 
erosion, 399 

Radioisotope wear study techniques, 243 

Radioisotopes used to obtain an index of 
cavitation erosion, 324 

Radioisotopic method of wear evaluation of 
floor finishes, 159 

Radiolabeled 2-hydroxystearic acid, adsorp- 
tion onto solid surfaces, 67 

Radiolysis and radiolytic oxidation of lubri- 
cants, 76 

Radiotracers to measure piston ring wear, 410 

Reduction of friction and wear by fatty 
acid lubricants, 72 

Resistance of steel castings to high-stress 
abrasion, 244 

Retainers, replacement of brass — by steel 
—, 158 

Reynolds’ and energy equations, joint solu- 
tion of, 12 

Reynolds’ equation, 417 

Roll formation on polyvinyl chloride, 184 

Rolling, 401 

— friction, 423 

—, resistance to, 241 

—— of a cylinder, influence of anisotropic 
surfaces on, 80 


VoL. 2 (1958/59) 


Rotary friction machine, 30 

Roughness, runway, 492 

—,sand-paper type, effect on boundary- 
layer transition, 492 : 

—,uniformly distributed, effect on skin- 
friction drag at supersonic speeds, 492 

Rubber, friction of, 491 

—, — —, mechanism of, 75 

—,, frictional temperature rises on, 75 

—, gum, abrasion ridges on, 187 

—, lubricated, static friction of, 264 

—, vulcanized, abrasion of, 127 

Running-in, wear of friction parts during, 486 

Rupture propagation in inhomogeneous 
solids, 241 


Scale, removability of, 160 

Scuffing, 388, 498 

Seals, 409, 496 

Shear strength of indium, 93 

Shot-blasting, 325 

— peening, 160 

Sideforce and sideslip, 148 

Skin friction, measurements of, 492 

Slide-honing, 161 

Sliding, 70, 401 

— chutes, wear of, 395 

— contact studies, 68 

—, resistance to, 241 

Soft solid, friction experiments with, 28 

Solid lubricating compounds evaluated at 
1000°F, 488 

— surfaces, measuring attack of gases on, 499 

Solids, lamellar, lubrication by, 65 

Sound absorption due to nuclei, 98 

Spalling test, 410 

Spark machining, 237 

Spectroscopy, emission, for measuring wear 
of i.c. motors, 335 

Spiked bodies at hypersonic speeds, 492 

Spots, hard, in a machined surface, 500 

Static friction versus surface coverage, 68 

Statistics on cylinder wear, 273 

Steel bars, lubrication of, 428 

—, brittleness, 75 

—and chromium-plated steel, wear resis- 
tance of, in plastic moulds, 141 

—, delayed failure in, 75 

—, finish turning of, 40 

— gears, casting and heat treating of, 409 

—,increase of antifriction properties by 
chlorination, 160 

—, machinability of, 246 

—, influence of microstructure on machina- 
bility of, 161 

— mill, measures to prevent abnormal wear 
in, 394 

—, nitriding of, 160 

—, plug-gauges of, 64 

—, reactivity of, 67 

—, removalibility of scale from, 160 

—, semi-brittle, fracture mechanism of, 241, 
323 

— sliding on Plexiglas, 169 


SUBJECT INDEX 513 


Steel sliding on polyethylene, 173 

——, on steel, friction of, 72 

— surfaces lubricated with castor oil, measure- 
ment of frictional forces in, 251 

—, wear resistance of, 159, 404 

—work, blast cleaning of, 160 

—, wear of, 447 ; 

Stresses, contact, 107 

Surface-active agents, influence on friction 
and wear, 67 

Surface, effect on behaviour of metals, 499 

— erosion of filled plastics, 4oo 

— films, effect of on temperature, 446 

—finish, influence on gear-tooth perform- 
ance, 402 

— — generated in finish turning of steel, 40, 
64 

——, geometrical analysis of, 42 

——, metallurgical and mechanical aspects, 
325, 410 

— — of plug-gauges of steel, 64 

— friction of polymers, 71 

— hardening, developments in, 411 

— layers of metal exposed to different types 
of wear, 318 

— roughness, measurement of, 324, 410 

— treatment and finishing, 160, 244, 325, 
410 

Surfaces, inspection of, 499 

Surfacing, mechanized, of valves, 411 

Sulfurization of copper-zinc alloys, 160 

Symposia on railroad materials and lubri- 
cating oils, 242 

Symposium on chemistry of friction and 
wear, Chicago, September 1958, 66 


Teflon, 237, 407 

Temperature, effect on rolling-contact fatigue 
life, 76 

—of rubbing surfaces, 438 

—,surface, influence on film thickness, 
386 

Temperatures in elasto-hydrodynamic con- 
ditions, 450 

Test, four-ball, on lubricating oils, 349 

Testing, 159, 244, 324, 410, 499 

Tests, wear, standardization of, 486 

Textile friction, 296 

Time effects in the static friction of lubri- 
cated rubber, 264 

Timken machine, 361 

Titanium, corrosion of, 153 

—, friction and wear properties, 133 

—, lubrication of, 324, 411 

—, nature of surface of, 135 

—, wear of, 134, 154 

Tool-chip contact area, 246 

— life, 162, 246, 501 

— wear, 162, 246, 325, 411, 487, 500 

Tools, carbide, wear of, 40, 64 

—, ceramic, 64, 162, 246 

Tracer techniques, 163, 499 

Track material, effect on static friction, 268 

—roughness, effect on static friction, 270 


514 SUBJECT INDEX 


Tractive forces, transmission of, 111 

Transfer, its study by radioactive tracers, 
371 

Translations, technical, 326 

Tyre abrasion, 410 

— construction, 108 

— friction on wet surface, 492 

— -to-ground contact stresses, 107 

— - ground movements during cornering, 114 

— research, 146 

— -to-surface friction, 491 

— treads, abraded, 147 

— wear and front suspension, 148 


Ultrasonic machining, 162 
— methods of cleaning, 160 


Variables affecting noise, 75 

Vibration in brakes, theory of, 75 

— control in small gas turbines, 409 

Viscosity approximation, method of, for 
solving Reynolds’ equation, 15 

— of lubricants, specification of, 456 

Vulcanizates, cut growth resistance of, 241 


Water, cavitation of, 100 

Wear, 79, 159, 243, 409, 497 

—, abnormal, in a steel mill, practical mea- 
sures to prevent, 394 

—, bearing, use of radioactive tracers to 
measure, 159 

— of carbide tools in finish turning of steel, 
40 

— ofa cylinder wall, 159 

— coefficients, 243 

—, cornering and braking —, relative im- 
portance of, 118 

— of cylinders in marine diesel engines, 273 

— debris, interactions with fatty additives 
in lubrication, 228 

— evaluation of floor finishes, radioisotopic 
method, 159 

— factors, qualitative analysis of, 485 

— fragments, effect of size on looseness of, 4 

— of friction parts during running-in, 486 

—, geometrical analysis of, 42 


vo. 2 (1958/59) 


Wear of high polymers, 448 

—of i.c. motors, measured by means of 
emission spectroscopy, 335 

—,industry’s war on, 410, 413 

— investigation, 499 

—., influence of load on, 243 

—and lubricant oxidation, relationship 
between, 72 

— measurements on gray cast iron, 81 

—, measures for reducing, 289 

— of metals, 243, 409 

—, metallic, 73 

— of piston rings, 410 

— of plug-gauges of steel, 64 

—prevention between 25 B.C. and 1700 
A.D., 59 

— prevention in Germany, 81 

— processes, fundamentals of, 485 

— of rails, wheels and tyres, 81 

— research in Japan, 81 

— resistance, 79, 159, 243, 318, 410 

—-of plain carbon and high chromium 
steels, 404 

— — of steel and chromium-plated steel in 
plastic moulds, 141 

— — of steel surface-impregnated with car- 
bide-forming elements, 319 

— — of steels for earth-moving equipment, 
410 

— — of tracks with open bushings, 159, 318 

— -resisting cast iron, 159 

— of rubber, types of, 131 

— of steels, 447 

—,some studies of, 364 

— of Teflon sliding on Teflon, 237 

— tests, standardization of, 486 

— of titanium, 134, 154 

— of tools, 487 

— track on single crystal surfaces of copper, 
nature of, 69 

— of tyres, 148 

Wearing systems, lubricant oxidation in, 72 

Wire drawing, 325, 408 

Wood, friction of, 237 

Work-hardening, 86 


VOL. 2 NO. 6 OCTOBER 1959 


CONTENTS 


a 
F 
H 
: 
Editorial 
"7 yg gS AT ONO NG (Delt [mien emi Cee cn vee vests ih wee wm ot ae he ee bs oo . 413 
“ 
b: Film geometry effects in hydrodynamic gear lubrication 
5 vgn eeu OS OM RTE (PTtLS UL aia Wale) MMM fo Gide oe ee ocr wl ay Hen wh ws Woke oa a 416 
, The effect of the anisotropy of the base on rolling friction 
; ype ee AEAUMBRENNER (Cracow) (2022 3 2. 8 ee te et ws 423 
; A comparison of boundary lubricants under light and heavy loads 
5: by P. R. Lancaster AND G. W. Rowe (Cambridge)... . ....... . «. 428 
+ The temperature of rubbing surfaces 
4 yee AR CHAR DE ALGOMA LOM) Mnm Nima ses <2. . 6 wees a «438 
Specification of the viscosity of lubricants 
yg OZEANUUAND Om eORBOTESCU (UCALESt)a6s 6. 0.) 2 2 - © = ss = « + 456 
The contact between a locomotive driving wheel and the rail 
Debs iee ANDRE WSs WOmclOr) utente Gliese) Uctewwn crt ah wie Gye a oe at ay a AOS 
Pacha MircRaneMCiiTentye Ventana mld oy cre Wane on a OAs of) Se eh toe als we Ma 2 485 
ANTHERS! Mees ae od oo de 1a dei ‘qe Boo sOMNOe ED Be Gi) c> DRen Rouse Miaemnmnney Isls 
SHAS ale: MOM AKSLIS ONE CURARCIN A INMKERAIT 5S Bb 4s o 6 Oo 6 6 a oo 6 6 ble Sica Ct) 
PSO OMtEE VICW Sse meme CEE nes i ease asa unre als 8 Ge tts sale > SOE 
INOresTOn CONTE DMLODS mma? ee lek se Sess Sees eicupetwerney Lav ils eka. ee A\eoca nS O2 
pvigiPinaye WINES eS AAPG Te doe Soa. Ee) ae Et ae, Pear ee CS Cea em eae en (0) 
SUF DVOCTEAGIES cs. 49a) le Ae attio Go le GAO) A ea) athe 1) cn soem ou on ieee I EPIX G7 


SOME PAPERS ACCEPTED FOR PUBLICATION 


Zur Frage der Ermiidungserscheinungen bei Walzlagern 
von H.-H. SCHREIBER (Schweinfurt) UND G. ULSENHEIMER (Miinchen) 


Reibung und Verschleisserscheinungen an festgeklemmten Kolben 
von A. D. Haac (Budapest) 


Reibung und Schmierung im Maschinenbau, insbesondere bei zusdtzlicher Verwendung von 
Kolloidal-Graphit 
von J. U. AuGusTIN (Berlin) 


Surface chemical behaviour of polar compounds in nonaqueous liquids. Dispersing effect of soap 
} solution 
! by T. Sakurar AND T. Basa (Tokyo) 


Transition of the state of wear by repeated rubbing 
by T. Sata (Tokyo) 


CONTRIBUTIONS 


Types of Contributions: 


(a) Original research work not previously published in other periodicals. 

(b) Surveys of work that has already been published either in languages other than those 
of this Journal or in reports on laboratory activities that are not generally accessible. 

(c) Reviews on recent developments in specialized fields. ; 

(d) Case histories or analyses of service problems, if they are of a more general interest. 

(e) Short notes or letters to the editors. 

(f) Authors’ abstracts, Bibliographies and Systematic abstracts. 


Language 
Papers will be published in English, French or German. 


Notes for Authors 


‘Notes for Authors’ for the guidance of contributors can be obtained from all Members of 
the Editorial Board and the Advisory Board and from the Editor’s Office. 


Submission and Acceptance of Papers 


Original contributions, surveys or case histories can be submitted to Members of the Edi- 
torial Board or the Advisory Board in the Author’s geographic region, or to the Editor. 


Office of the Editor: P.O.Box 71, Delft, The Netherlands. 


Review Articles are scheduled well in advance. Authors wishing to contribute a review 
article should communicate first with a Member of the Editorial Board or with the Editor 
for detailed arrangements. 


Short Notes, Letters, and Abstracts of papers published in other languages should, how- 
ever, be sent directly to the Editor. 


Competent referees will assist the Editorial Board in deciding whether a paper is to be 
accepted. Papers which, in the opinion of the Editorial Board, can be shortened will be 
referred back to the author for modification. 


Reprints 


Twenty-five reprints will be supplied free of charge. Additional reprints can be ordered at 
quoted prices. They must be ordered when the proofs are returned. 


PUBLICATION 


W E A R will have six issues to the volume approx. 500 pages per volume. 
Subscription price: £ 5.7.6 or $ 15.00 or Dfl. 57.— per volume. 


Subscriptions should be sent to: 
ELSEVIER PUBLISHING Co., Spuistraat 110-112, Amsterdam-C., The Netherlands. 
For advertising rates apply to the publishers. 
~ 
a 


eee 
$$ $$ 


All rights reserved 


ELSEVIER PUBLISHING CO., AMSTERDAM 
Printed in The Netherlands by 
NEDERLANDSE BOEKDRUK INRICHTING N,V,, 'S-HERTOGENBOSCH 


